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A STUDY OF THE EFFECTS AND MECHANISM 
OF ACTION OF SODIUM DODECYL SULPHATE 
ON GASTRIC SECRETION IN RATS 


BY 


S. A. KOMAROV, HARRY SHAY, HERMAN SIPLET, 
AND MARGOT GRUENSTEIN 


From the Samuel S. Fels Research Institute, Temple University School of Medicine, 
Philadelphia, Pennsylvania 


(Received October 17, 1949) 


In 1942 sodium lauryl sulphate, a synthetic detergent of the anionic series, 
was reported by Shoch and Fogelson (1942a) to inactivate pepsin in vitro without 
altering the hydrogen ion concentration of the solution. They had previously 
found (1942b) a greatly prolonged survival time in dogs treated with this detergent 
in whom ulcers had been experimentally induced by histamine (Varco, Code, 
Walpole, and Wangensteen, 1941). In 1944 Fogelson and Shoch described good 
clinical results after the administration of sodium lauryl sulphate to patients whose 
ulcers appeared to be resistant to other forms of therapy. 

The in vitro results reported by Shoch and Fogelson have been confirmed. 
Kirsner and Wolff (1944) studied a number of anionic detergents and found the 
alkyl sulphates most effective in inhibiting the peptic activity of human gastric 
contents ; and of these decyl (C,,) and dodecyl (C,.) derivatives were the most 
active. Kirsner and Spitzer (1944) demonstrated that the inactivation of pepsin 
by sodium alkyl sulphate is an irreversible process. 

In vivo, however, the findings reported by Shoch and Fogelson were not 
corroborated by others. Kirsner and Wolff (1943) observed that inhibition of 
pepsin by sodium alkyl sulphate was impeded in vitro by cream, butter lecithin, 
glycerin, and esters of fatty acids. Even with large doses of sodium alkyl sulphate 
they encountered difficulty in lowering peptic activity in patients fed low-fat diets. 
What inhibition of peptic activity they did observe was usually temporary and 
without beneficial effect. Similarly discouraging clinical results with sodium lauryl 
sulphate were reported by Steigmann and Marks (1943). It is apparent from the 
literature that further basic studies are necessary before these agents can acquire 
a place in the therapy of gastric and duodenal ulcer. 

We have experimented with a number of alkyl sulphates with an even number 
of carbon atoms from C, to C,,. We selected sodium dodecyl sulphate, hereafter 
referred to as SDS, for detailed study because this member of the group was used 
largely in previous investigations and especially because in vitro it inhibited peptic 
activity to a degree equalled only by the decyl (C,,) compound. 

A 
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SDS introduced into the stomach had been found capabl2 of marked and 
manifold effects upon gastric secretion. In the dog a 2 per cent (w/v) solution 
exerted a powerful mucigogue action and inhibited parietal cell secretion, even 
after massive doses of histamine (Shay, Komarov, Siplet, and Fels, 1946). In the 
rat (Shay, Komarov, Siplet, and Gruenstein, 1947) a similar mucigogue effect 
was obtained with a wide range of concentrations of SDS, but the nature of its 
action on the parietal cell—inhibition or stimulation—appeared to be dependent 
on the concentration of the drug. 

In addition to studying the physiological mechanism involved in the action 
of SDS, we have been able to relate the type of gastric secretory response in the 
rat to the concentration of SDS employed. 


METHODS 


White rats of the Wistar strain weighing 150 to 180 grammes, grown in our own 
colony, were used for the study. Light urethane narcosis (0.75 c.c./100 g. of a 
5 per cent (w/v) solution intracaecally) supported by ether was maintained only 
during the operation. The animals recovered rapidly from the anaesthetic and therefore 
were under narcosis only during a small part of the time of actual experiment. In 
animals fasted for 48 hours a mid-line abdominal incision was made. A small portion 
of the caecal wa‘l was exteriorized and the pylorus ligated. The oesophagus was 
exposed in the neck and lifted on a loose ligature without damage to blood vessels 
or adjacent nerves. The stomach was washed out once with 4 c.c. of warm normal 
saline through a catheter inserted through the mouth and withdrawn immediately. 
In many instances the full 4 c.c. were removed, but the catheter was nevertheless 
reintroduced to empty the stomach just before the introduction of the test solution. 
Removal and reintroduction of the catheter for each operation was found necessary. 
Under anaesthesia the rat tolerated repetition of gastric intubation but rapidly became 
cyanotic if the catheter remained in place for more than 30 seconds. If the lavage 
fluid was more than slightly cloudy on recovery, the animal was discarded. Following 
this procedure groups of animals were treated in various ways: 


GROUP B:—basic group—oesophagotomy only. After 2 c.c. of the test solution 
had been introduced into the stomach, the oesophagus was ligated in the neck as 
the catheter was withdrawn. The oesophagus was sectioned just cephalad to the 
ligature, and the cut end of the upper segment was brought to the surface and fixed 
by sutures without encroaching upon the lumen. The abdominal wound was closed. 


GROUP BA:—The animals were operated upon as in Group B. Twenty-five 
mg. of atropine sulphate per 100 g. body weight were injected subcutaneously at 
the beginning of the operation. 


GROUP BV :—In this group, in addition to the procedure followed in Group B, 
a loose ligature was placed around the lower end of the oesophagus just above the 
cardia. Care was exercised to include both vagi in the ligature and to avoid any 
injury to blood vessels. After 2 c.c. of the test solution were instilled into the stomach 
through the catheter, the ligature was tied firmly as the catheter was withdrawn. 
The abdominal wound was then closed. 


GROUP BVA:—Procedure of Group BV was used and atropine was injected 
as in Group BA. 


Each experiment was terminated six hours after the gastric instillation of the 
test substance. The gastric contents of every animal were collected and measured 
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individually in graduated centrifuge tubes and centrifuged for 10 minutes at 3,000 
revolutions. The supernatant and sediment were separated. The volume and gross 
description of each fraction were recorded. The volume of gastric juice per hour 
per 100 g. of rat was calculated after 2 c.c. (volume instilled) were deducted from 
the recovered volume. When the volume of supernatant was adequate, the following 
determinations were made by methods routine in our laboratory (Shay et al., 1947): 
free and total acidity, pH, total chloride, pepsin, and mucin. 


SDS was used in this study in solutions of 0.1, 0.5, 1, and 2 per cent (w/v) 
concentration prepared in distilled water. Two control groups were used—one with 
distilled water alone, the other with a sodium sulphate solution. The latter group 
was necessary because in acid media the alkyl sulphates are readily hydrolysed with 
the liberation of inorganic sulphates. The concentration of sodium sulphate solution 
used was 0.066 per cent (w/v) which was calculated to be approximately isosmotic 
with concentrations of SDS of 0.2 per cent (w/v) and greater. Hess and Suranyi 
(1939) have shown that SDS exists in true solution only in concentrations up to 
U.2 per cent (w/v) (6.95 mM/I.). Higher concentrations result in the formation of 
micelles which do not contribute materially to the osmotic pressure. 


RESULTS 


Results obtained for each animal are charted in the distribution graph (Fig. 1), 
while mean values for the respective groups are presented in the Table. 


TABLE 


THE MEAN VALUES FOR THE RATE AND COMPOSITION OF GASTRIC SECRETION IN RESPONSE TO 
THE INSTILLATION OF DISTILLED WATER, SODIUM SULPHATE, AND SODIUM DODECYL SULPHATE 
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Fic. 1.—Distribution chart of the effect of intragastric instillations of SDS solutions in comparison 


with that of distilled water and Na,SO, solutions. / 
fully in Methods. B (basic group), oesophagotomy plus pyloric ligation. 


vagotomy. BA, same as B plus atropine sulphate. 


atropine sulphate. 


Groups B, BV, BA, and BVA as described 


BV, same as B plus 


BVA, same as B plus vagotomy plus 


Effect of sodium dodecyl sulphate solutions —SDS always produced a marked 
effect on gastric secretion, the nature and magnitude of which depended upon the 


concentration of the solution. 


In the lower concentrations, from 0.1 to 1 per cent, 


SDS stimulated secretion of all the basic constituents of the gastric juice, acid, 
pepsin, and mucin, whereas in concentrations of 2 per cent and higher it stimu- 
These two types of response were reflected in 
the gross appearance and physical properties of the gastric contents recovered. 
When all glandular elements were stimulated, the gastric contents were turbid and 


lated secretion 


of mucus alone. 


contained varying amounts of greyish-white precipitate mixed with clumps of 
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viscous mucoid material. The fluid remained highly opalescent, even after pro- 
longed centrifugation. The turbidity and the appearance of the precipitate were 
due to the interaction (in acid medium) of SDS and pepsin. The pH of these 
samples ranged from 1.2 and 4.3. When mucus alone was secreted, the contents 
were clear and exceedingly viscous. These observations are in accord with the 
results obtained by Putnam and Neurath (1944); they found the inhibition of 
pepsin by SDS to be due to precipitation of the enzyme which is maximal at the 
isoelectric point for pepsin, pH 2.5. At a pH greater than 5.5, SDS fails to cause 
any precipitation. 


The effects of SDS in the lower concentrations are illustrated in Fig. 1 and 
in the Table in Group B (0.1 and 0.5 per cent). The results with 1.0 per cent 
solutions, which are not recorded, were very similar to those obtained with 0.5 
per cent solutions. The rate of secretion, acidity, and the concentration of pepsin 
and mucin are very much higher than in the control series with distilled water 
or sodium sulphate. Stimulation of the parietal cells is also reflected in a con- 
siderable increase in total chloride concentration and a lower pH. On the whole, 
the secretagogue effect of 0.5 per cent solution was considerably more pronounced 
than that of 0.1 per cent solution. Pepsin, however, showed a concentration and 
an output which were much lower with the 0.5 per cent than with the 0.1 per cent 
solution. 


It is probable that the analytical data concerning pepsin do not truly reflect 
the degree of stimulation of the peptic cells. It is conceivable that stimulation 
of the peptic cells by 0.5 per cent SDS was actually greater than with 0.1 per cent, 
but the increased pepsin output could be masked by the greater inhibitory effect 
on the enzymatic activity of the 0.5 per cent solution of the detergent. 


Solutions of SDS of 2 per cent or greater produced the clear viscous type 
of gastric secretion. Inspection of the analytical data obtained with the 2 per 
cent solution will reveal (1) that the rate of secretion was still very high but a 
little lower than with 0.5 per cent SDS; (2) that the pH of the contents in the 
majority of the animals was alkaline (Fig. 1); and (3) that there was no detectable 
peptic activity. On the other hand, the concentration of mucin was about twice 
as high as with the 0.1 or 0.5 per cent solutions of SDS. Other characteristics 
of the gastric contents—namely, the extremely high viscosity and the typically low 
total chloride values—suggest that the gastric secretion was pure mucus in all 
experiments except one in which the pH was in the acid range. 


The absence of parietal cell secretion with the 2.0 per cent solution is due, 
we believe, not only to a failure of the SDS in this concentration to stimulate 
the parietal cells but actually to the inhibition of their activity. We have seen a 
striking and prolonged inhibition of the secretory response to massive doses of 
histamine in dogs after the gastric instillation for only 30 minutes of a 2.0 per 
cent SDS solution (Shay et al., 1946). The effect upon the peptic cells of the 
2.0 per cent solution cannot be as clearly defined at present. The assumption 
might be justified that secretion of pepsin, like that of acid, may be inhibited. 
Failure to detect peptic activity in the mucus samples obtained with the 2.0 per 
cent solution cannot be offered as evidence per se. In the majority of the specimens 
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in this group the high pH of the gastric contents alone could have destroyed the 
secreted pepsin, although this should not have occurred in two of the specimens 
which had pH values as low as 5.6. However, since any method for pepsin 
determination requires acidification of the specimen to an optimal pH, a precipi- 
tation and/or inhibition by the detergent could occur during the process of pepsin 
determination. 

While the rates of secretion observed with 0.5 and 2.0 per cent SDS appear 
to be low (0.53 and 0.44 c.c./100 g.), they are actually very high for the rat. 
Compared on the basis of relative weights, such rates would represent in a 70 
kilo man an hourly secretion of 370 and 310 c.c., respectively. 

We have not determined the exact range of concentrations within which SDS 
would produce one or the other type of gastric secretory response. The response 
to the 0.i per cent solution was not uniform (Fig. 1 and Table, Group B): 
three rats of the group of ten did not show any increase in gastric secretion over 
the control values. The response to the 0.5 per cent solution was uniform. The 
2 per cent solution produced wide divergencies in the rates but not in the compo- 
sition of mucus secretion in the different animals. It is also significant that the 
mucigogue effect produced in the rat by this concentration was similar to that 
previously reported in the dog (Shay ef al., 1946). Furthermore, a close similarity 
in the composition of the mucus of the two species was found. 


Mechanism of secretagogue action of sodium dodecyl sulphate—A com- 
parison of results obtained with 0.5 per cent solutions of SDS in the non- 
atropinized (B) and atropinized (BA) animals (Fig. 2 and Table) shows that 
atropine completely abolishes the stimulating action of SDS on the parietal cells. 
Group BA exhibited a considerable diminution in the mucigogue effect. With the 
2.0 per cent solution of SDS which stimulated only the mucous cells, atropine 
decreased the rate without altering the composition of the secretion. Ligation 
of the lower end of the oesophagus, including both vagus trunks (Group BV), 
largely nullified the effect of SDS on the parietal and peptic cells. Supplementary 
treatment with atropine (Group BVA) in such animals produced no further 
change in pH, acidity, chloride, or pepsin concentration, but lowered the rate of 
secretion ; mucin concentration, however, was increased. From these results it 
is evident that the secretagogue action on parietal and peptic cells by SDS in 
0.1 or 0.5 per cent solutions is entirely reflex in nature, the impulses being trans- 
mitted through the vagi. In the experiments with 0.5 and 2 per cent SDS, mucin 
output was only partially inhibited by atropine and by ligation of vagi. This 
indicates that the mucigogue action of SDS was only, in part, reflex by way of 
the vagus. 

Although experiments with distilled water and sodium sulphate solution 
were performed primarily as controls, they revealed certain facts which are of 
considerable interest in themselves. 


Effect of distilled water—tIn this series (Fig. 2) less fluid was recovered from 
the stomach after six hours than was originally instilled, the decrease being due 
to absorption. Although some investigators still question any absorption by the 
stomach, there is considerable evidence for the ability of the stomach to absorb 
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duces a higher secretion in 

the non-atropinized than in the atropinized rat. This is shown by the difference 
in. the rate and also by the lower pH and higher values for acid, chlorides, and 
pepsin in the gastric contents found in the non-atropinized series. In a study of 
large series of rats, to be reported elsewhere, we found that the dose of atropine 
used will usually inhibit the spontaneous gastric secretion during the six-hour 
experimental period. 


Effect of sodium sulphate solution——The sodium sulphate solution produced 
a gastric response which did not differ significantly in the rate of secretion or 
composition of the contents from that obtained with water alone. 


COMMENT 


From an analysis of our results it is apparent that under certain conditions 
SDS applied in sufficienly high concentrations in an empty, fasting stomach may 
produce a secretion of mucus while actually inhibiting parietal secretion and 
peptic activity. These two effects would be very desirable in the management 
of gastric and duodenal ulcer. However, when SDS is present in the stomach 
in dilute solution, certain undesirable effects may result from a stimulation of 
secretion of acid and pepsin. This was demonstrated in a previous paper (Shay 
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et al., 1947) showing the influence of SDS upon the experimental production of 
ulcer in the rumen of rats. The divergence of results obtained by various investi- 
gators in the treatment of ulcer patients with SDS may be due to the lack of 
control over the final concentration of the agent in the stomach. 


SUMMARY 


When sodium dodecyl sulphate is introduced into the isolated stomach of a 
fasting rat, the response of the gastric secretory mechanism is related to the 
concentration of the agent. With 0.1 and 0.5 per cent (w/v) solutions all the 
secretory elements—the parietal, peptic, and mucous secreting cells—are strongly 
stimulated. The 2.0 per cent (w/v) solution exerts a selective effect, activating 
only the mucus secreting cells. The response of the parietal and peptic cells to 
stimulation by weak solutions of sodium dodecyl sulphate is entirely a reflex 
effect through the vagi. However, stimulation of the mucus secreting cells is 
due only in part to such a reflex effect. 


We are indebted to E. I. du Pont de Nemours and Company, Wilmington. Delaware, for 
generous supplies of sodium dodecyl sulphate. 
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THE PROTECTIVE EFFECT OF SODIUM SALICYLATE 
‘ON SERUM INDUCED MYOCARDITIS 
IN RABBITS 


BY 
A. G. MACGREGOR anp D. R. WOOD 


From the Department of Pharmacology and Therapeutics, University of Sheffield 


(Received November 3, 1949) 


With the description by Rich and Gregory (1943) of a method by which 
lesions resembling those found in human rheumatic fever could be produced in 
rabbits, it has been possible to investigate the effects of various therapeutic agents 
on the development of these lesions, particularly those in the heart. We recently 
reported (Macgregor and Wood, 1949) that the histamine antagonists, benadryl 
and neoantergan, did not prevent the development of myocardial lesions in serum 
sensitized animals. Other reports have since confirmed these results, which were 
contrary to the earlier findings of Kyser, McCarter, and Stengle (1947). 

In view of the known lack of action of these substances in human serum 
sickness, and the fact that sodium salicylate has a favourable effect in this disease, 
it was decided to test whether under our conditions sodium salicylate would 
influence the myocardial lesions produced in rabbits. Not only would this act 
as a positive control for our negative results with neoantergan and benadryl, 
but it would also be of interest in view of the use of sodium salicylate in the 
treatment of rheumatic fever. 

Interest in the possible curative action as opposed to symptomatic benefit 
of salicylates in the treatment of human rheumatic fever has been stimulated by 
the recent reports of Coburn and Moore (1942) and Coburn (1943), who have 
shown that if an adequate concentration of salicylate is maintained in the plasma, 
there is a much reduced incidence of valvular lesions in the hearts of patients 
with rheumatic fever. Coburn suggests that a plasma salicylate concentration of 
at least 35 mg. per 100 ml. may be required “to suppress the rheumatic reaction.” 
Lower concentrations may mask a “ progressive inflammatory reaction.” Reid 
(1948) has shown that if the criterion of cure is taken as the return to normal of 
the erythrocyte sedimentation rate, adequate oral administration of sodium salicylate 
can really cure the disease in addition to relieving the symptoms. 

Some authors have been unable to show a protective effect of salicylate in 
the experimental animal (Thomas and Stringfield, 1945), but quite recently Smull, 







































10 A. G. MACGREGOR and D. R. WOOD 


Wissler, and Watson (1948) observed a reduction in the severity of lesions in 
salicylate treated rabbits, while Sullivan, Parker, and Hibbert (1948), starting 
salicylate treatment before any horse serum was injected, were able to prevent 
the development of arterial lesions. In their full report on experimental serum 
disease, Ehrich, Seifter, and Forman (1949) include results on six rabbits treated 
with salicylate in which the incidence of myocardial lesions was zero, compared 
with 100 per cent incidence in eight animals receiving the same batch of szrum 
but no salicylate. 


In this paper we give an account of our results obtained with sodium 
salicylate. 


METHODS 


Experimental serum disease was produced in rabbits, as described by Rich and 
Gregory (1943) except that we om-tted the injection of 2 ml. horse serum two days 
before the second injection of 10 ml. serum per kg. Sterile horse serum was injected 
into twenty-four young rabbits (1.5-2.0 kg.) on the first and twentieth days, each 
animal receiving 10 ml. per kg. intravenously on each occasion. Two batches of serum 
were used, six controls and six treated animals being injected with serum from the same 
batch. A total of twelve rabbits were given sodium salicylate, beginning on the day 
of the first serum injection. In order to maintain the plasma concentration as 
far as possible throughout the 24 hours, two daily doses were given oraliy at 10 a.m. 
and 4 p.m., and a larger dose was injected subcutaneously at 10 p.m. In the first 
group of animals the doses given were 200 mg. per kg. orally, and 300 mg. per kg. 
subcutaneously, a daily total of 700 mg. per kg. Two of the animals died after six 
and eight days at this dosage level, and the amounts given were subsequently reduced 
to 150 mg. per kg. orally and 200 mg. per kg. subcutaneously for the remainder of 
the period. Another of the four surviving animals died on the eleventh day. 

The second group of treated rabbits were given the smaller dosage throughout 
the experiment, two of them dying on the third and seventeenth days. Treatment 
was continued up to the twenty-sixth day, when the animals were killed and their 
hearts removed for section. 

A few estimates were made of plasma salicylate concentration by means of the 
colorimetric method described by Brodie, Udenfriend, and Coburn (1944). The average 
concentration of salicylate in the p'asma of six rabbits, about one hour after an 
oral dose of 150 mg. per kg. had been given, was 22 mg. per 100 ml. (range, 10 to 
31 mg. per 100 ml.); at two hours two samples contained 28 and 18 mg. salicylate 
per 100 ml., and at 54 hours two samples contained 11 and 13 mg. per 100 ml. 
respectively. 


RESULTS 


Of the twelve treated animals, five died during the salicylate therapy on days 3, 6, 
8, 11, and 17. Of the control group, two killed at 11 days and one dying accidentally 
at 17 days allow a comparison with treated animals dying at about the same time. 
It has been earlier shown by Ehrich et al. (1949) that subacute pathological changes 
can be produced by the first injection of serum alone, antibodies being present in 
the serum of the rabbit five to six days after a single injection of horse serum. In 
assessing the severity of the lesions produced in each animal we have again used the 
arbitrary system of awarding marks for the presence of intermuscular and perivas- 
cular infiltration, Aschoff-like bodies, valvular lesions. and for muscle and collagen 
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degeneration, as mentioned in our 67 
previous paper. The sections were 
examined by two observers indepen- 
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dently, and in the second group of *' 
experiments (rabbits 920-931) it was 
not known until after the assessment 24 


Dil 
D3 D6 D8 D17 
31 32 35 921 922 923 924 920 33 34 925 30 


had been made which sections were 
from treated and which from un- 
treated animals. There were very 
obvious differences in the condition 
of the heart muscle, vessels, and 
valves, and except in rabbit 923 it 
was possible to predict whether the 
section was from a treated or un- 
treated rabbit. From the few serum 
salicylate estimations made, there 
seemed to be no difference between 
the serum salicylate level in this 
animal and in the others which were 
protected. The results are shown 
in the Figure, where the height of 
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POINTS REPRESENTING SEVERITY OF LESIONS 





each column represents the severity 21 22 23 26 926 928 529 930 931 24 7 9” 
of the condition in one rabbit. The Figure showing the individual variation in the severity 
Figure emphasizes the difference of the lesions produced in — and — 

aadae ae groups. Each column represents the severity o 
between the control animals and the lesions observed in one animal, points béing 


those treated with sodium salicylate. 

If only those animals which sur- 
vived the full twenty-six days are 
included in the assessment it will 
still be seen that the lesions are less 


allocated according to the severity of the observed 
lesions. (See text.) D3, K11, etc., indicate that 
the animal died on the 3rd or was killed on the 
11th day. Where there is no superscription, the 
animal was killed on the 26th day. Figures under 
columns are individual animal numbers. 
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in the treated group. The nine con- 

trol animals which survived were allocated a total of 364 points, an average of about 
4 points per animal. The total marks gained by the seven treated animals which 
survived until the 26th day were 9, an average of 1.3 per animal. It seems clear that 
the disease was very much less severe in animals treated with sodium salicylate. 


DISCUSSION 


The mechanism by which salicylates inhibit the production of the pathological 
changes observed in these animals is still uncertain. Recent work has confirmed 
the in vitro activity of salicylates in inhibiting the activity of hyaluronidase which, 
it is suggested, plays a part in the breakdown of interfibrillar cement in rheumatic 
fever. It is interesting that sodium gentisate, a metabolic oxidation product of 
sodium salicylate, also inhibits hyaluronidase in vitro and has been found clinically 
useful in treating acute rheumatism. Earlier evidence on the effect of salicylates 
on the antigen-antibody reaction was inconclusive. It has been shown that the 
antibody titre does not seem to be correlated with the development of lesions. 
However, the work of Dammin and Bukantz (1949) suggests that there is a signi- 
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ficant correlation between the capacity to develop antibodies and the production 
of vascular lesions in rabbits as a result of serum injection. Sullivan et al. (1948) 
believe that in salicylate treated rabbits “the lesions fail to develop because there 
is no antigen-antibody reaction, and that this reaction cannot take place because 
salicylate has prevented antigen from uniting with tissue cells.” Dammin and 
Bukantz (1949) also pointed out that antihistamine substances did not interfere 
with antibody production, and it has already been shown that these substances 
do not reduce the incidence of vascular lesions in serum sensitized animals. 
Salicylates, in contrast to benadryl, have been shown to protect rabbits from 
anaphylactic shock, presumably by interfering with the antigen-antibody reaction, 
but not from histamine shock (Campbell, 1948). Although dicoumarol inhibits 
the antigen-antibody reaction in vitro, it does not inhibit the formation of the 
vascular lesions (Dammin and Bukantz, 1949). 

The results reported above were obtained under optimal conditions, the 
treatment with sodium salicylate beginning on the same day as the first serum 
injection. Smull et al. (1948), who also observed a protective effect of salicylate, 
began to give the drug six days after the first dose of serum. 

We agree with Smull ef al. that the lesions produced in our animals do not 
fulfil all the rigid criteria listed by Gross, Loewe, and Eliasoph (1929) as essential 
in the experimental production of rheumatic fever. Aschoff-like bodies were 
occasionally seen, and while valvular lesions are fairly common the most striking 
finding is the very considerable perivascular reaction. 

If these results have a clinical application to the treatment of rheumatic fever, 
they serve to emphasize the importance of starting treatment with sodium 


salicylate early in the disease. Coburn has stressed the importance of this if 
valvular involvement is to be minimized or avoided. 


SUMMARY 
The incidence of vascular and valvular lesions in the hearts of rabbits 
sensitized to horse serum is considerably reduced by treatment with sodium 
salicylate. Possible explanations of this finding are discussed. 


We are grateful to Professor Wayne for his continued interest and encouragement. 
Mr. E. Salvin was again responsible for the histological work. Further supplies of 
horse serum were obtained from Boots Pure Drug Co., Ltd., through the kindness 
of Mr. G. J. Christie. We also wish to acknowledge the additional financial help 
from the Beaverbrook Research Fund of the University of Sheffield. 
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THE RENAL EFFECTS OF SODIUM CYANATE 
IN RATS 


BY 


S. E. DICKER 


From the Department of Pharmacology, University of Bristol 


(Received November 4, 1949) 


Schiitz (1946) and Birch and Schiitz (1946) found that small, non-toxic doses of 
sodium cyanate, given intramuscularly to rats, were followed by a “ marked diuresis, 
which in contrast to other diuretics occurred even when no excess water was given.” 
It was therefore thought of interest to investigate the mechanism of the diuretic 
action of sodium cyanate in rats by means of clearance estimations. 


METHODS 


Experimental animals.—Adult male rats (weight 250-300 g.), adult rabbits, and adult 
guinea-pigs were used. 


Feeding.—The rats were fed on a commercially prepared diet which was the same 
as that described in a previous paper (Dicker, 1949b). The rabbits and guinea-pigs 
were fed on oats and bran. 


Experimental procedure for the determination of inulin, diodone, Cl~, and Na+ 
clearances in rats~—The routine procedure conformed to that described previously 
(Dicker and Heller, 1945; Dicker, 1949a): the subcutaneous injections of inulin and 
diodone were made at least 50 min. before the beginning of the urine collecting period, 
whether water was administered or not. The collecting period lasted from 15 to 20 min. 
according to the urine flow. Immediately after the end of the urine collecting period, 
the rats were anaesthetized, blood obtained from the carotid and jugular vessels and 


mixed with heparin. 


Analytical methods.—Inulin in plasma and urine was determined by the method of 
Smith, Goldring, and Chasis (1938). The inulin used was that of Hopkins and Williams, 
Ltd. Diodone iodine in plasma and urine was determined by Alpert’s (1941) method. 
The diodone used was “ Per-Abrodil” (Bayer Products, Ltd.). Chloride in plasma was 
estimated by the open Carius tube technique (Milton and Waters, 1949), the excess of 
silver being estimated by the Volhard method. Chloride in urine was estimated by 
Volhard’s method as modified by Harvey (1910). Sodium in plasma and in urine was 
determined by the method of McCance and Shipp (1931) and potassium in urine by 
Kramer and Tisdall’s method as modified by McCance and Shipp (1933). 

The methods for calculating Tmp, Tw, Tci, and Tna values conform with those 
described previously (Dicker and Heller, 1945; Dicker, 1946 and 1948b). 


Statistical treatment of results——Fisher’s (1944) small sample method was used 
throughout for the estimation of the significance of means. 
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TABLE I 


EFFECTS OF SODIUM CYANATE ON THE VOLUME (3 HOURS) AND COMPOSITION OF URINE EXCRETED 
BY RATS, GUINEA-PIGS, AND RABBITS IN THE 3 HOURS AFTER INJECTION OF SODIUM CYANATE 
































Suiruteneeen Composition of urine Rieinn 
injections ‘ Cl fn K excreted 
0.3 ml./100 8. ing /100 ml. | mg./100 ml. | mg./100 mi, | ™!-/100 g./3 hr. 
dL Satine 23 | mo | 106.0 | 0.80 
Rats — - : — SEEEEEEEEEEEEEEEEEEEEEEEEEeioeT 
(12) | 0.75 M-NaCNO | 186.0 | 92.7 | 92.2 3.30 
+ 22.60 | +13.26 | - 13.00 | 0.21 
| Saline | 286.8 196.2 | | 1.06- 
| | + 20.18 +14.78 | - | + 0.33 
Guinea-pigs — fh 
(8) | 0.30 M-NaCNO | 404.5 272.0 =| | 2.32 
| | - 30.41 | - 26.51 an | - 0.42 
Saline 182.0 | 141.0 409.0 0.70 
+ 3.08 +2.00 | fA | t 0.15 
Rabbits | - — = a 
(10) | 0.15 M-NaCNO 246.4 | 195.0 404.0 1.43 
+ 4.00 | +313 | - 13.12 0.30 


| | | 





(Number of animals indicated in parentheses.) 


RESULTS 
Effects of intramuscular injections of sodium cyanate solutions on the urinary 
excretion of non-hydrated rats, guinea-pigs, and rabbits 
Water and food were withheld from rats, guinea-pigs, and rabbits for at least six 
hours before they were injected with sodium cyanate. Fig. | shows the results of 
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injections of 0.3 ml./100 g. body weight of sodium cyanate solutions of different 
concentrations on urine volume. These results agree with those described previously 
by Schiitz (1946) and Birch and Schiitz (1946). 

Doses of 0.3 ml./100 g. of a 0.75 M-NaCNO solution proved to be toxic in 
rabbits and guinea-pigs: the animals had violent convulsions 60-75 min. after 
the injection and died. Rats, as a rule, were more resistant: however, two 
out of 48 died with violent convulsions of the type described by Birch and 
Schiitz (1946). 

Table [ compares the concentration of electrolytes in the urine of rats, 
rabbits, and guinea-pigs, excreted during three hours after an injection of a 
solution of sodium 
cyanate with that oof 
in the urine of con- 
trols injected with the 
same amount (0.3 ml. / a 
100 g.) of saline. It -A 
shows that sodium [L- 
cyanate produced a ero 
marked increase of 
urinary concentration 2 
of Cl” and Na*, but y), 
that it had no signifi- J 
cant effect on the 
concentration of Kt. 
The increase of urine 
flow accompanied by 
the rise in the 
concentration of Cl- 
and Na? resulted in 
a pronounced increase f 
of the amounts of f 
Cl~ and Na* excreted. 

When sodium J \ 
cyanate was injected 2 
at the same time as / 
2.0 mU/100 g. vaso- , 
pressin, into rats, no 
significant decrease in 
the diuretic effect of 
sodium cyanate could 
be noted—i.e., in the 
presence of NaCNO 
vasopressin failed to 
exert its usual anti- 
diuretic effect (Fig. 2). 
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FiG. 2.—Effect of sodium cyanate and of sodium cyanate and vaso- 
pressin on the urinary volume of rats. @——@® mean urinary 
excretion of 12 rats injected with 0.075 M-NaCNO (dose 0.3 
ml./100 g.). ©A—:***—A mean urinary excretion of 12 rats 
injected with 0.075 M-NaCNO (dose 0.3 ml./100 g.) and vaso- 
pressin (2.0 mU/100 g.). x——-x control rats injected with 
vasopressin (2.0 mU/100 g.). All the injections were given at 
0 hour (f ). The vertical lines represent the standard error. 
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Fic. 3.—Effect of sodium cyanate on the urinary volume of hydrated rats. (A) A dose of 0.3 ml./100 
g. of a 0.75 M-NaCNO is injected subcutaneously at the same time as 5.0 ml./100 g. of water is 
administered by stomach tube at (¢ ). (B) The same dose of NaCNO is injected 90 min. after 
({) the administration of the standard amount of water (¢). _x——»: control rats given 
5.0 ml./100 g. of water only. ©——o: rats injected with NaCNO. The vertical lines represent 
the standard error. 


Effects of intramuscular injections of sodium cyanate solutions on the urinary 
excretion of hydrated rats 


When 0.3 ml./100 g. of a 0.75 M-NaCNO solution was injected into rats immedi- 
ately after the oral administration of an amount of water equal to 5 per cent of their 
body weight urinary excretion remained comparable, in volume and composition, 
with that observed in non-hydrated rats, injected with the same amount of sodium 
cyanate (Fig. 3A). 

When sodium cyanate (0.3 ml./100 g. of a 0.75 M-solution) was injected into rats 
90 min. after water administration—i.e., at a time when the water given had been 
absorbed from the alimentary tract (Heller and Smirk, 1932 ; Dicker, 1948a)—there 
was a decrease in the rate of urine flow (Fig. 3B) accompanied by a pronounced 
increase of the urinary concentrations of Cl- and Nat. 

A comparison of the results shown in Figs. 1 and 3 suggests that the injection of 
sodium cyanate in rats produced much the same renal effect, whether the animals 
were hydrated or not. The diuretic response to sodium cyanate was always smaller 
than that following the administration of water only. 
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Effect of sodium cyanate on the water absorption from the alimentary tract 
The apparently paradoxical effect of sodium cyanate on hydrated rats could have 
een the result of (a) an impaired water absorption from the alimentary canal, (b) an 
impairment of the renal functions, or (c) a combination of both. 

In order to investigate the rate of water absorption from the alimentary tract, 60 
rats were given the standard amount of water (=5 ml./100 g.) by stomach tube, 
injected with 0.3 ml./100 g. of 0.75 M-NaCNO and killed after 15, 30, 45, 60, 75, 90, 
105, 120, and 180 min. The stomach and intestine, with their contents, were then 
weighed separately. The results obtained were compared with those of rats killed at 
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Fic. 4.—Average water absorption curves of (A) normal rats and (B) rats injected with 0.3 ml./100 g. 
of a 0.75 M-NaCNO solution. The average weight of the empty gastro-intestinal was 4.7 per 
cent of the body weight; 5.0 ml./100 g. of water was given, making 9.7 per cent the starting 
point of the absorption curves. ©O—-—© alimentary tract. x —— x stomach. @———@ intestine. 


various times after administration of the standard amount of water only. Fig. 4A 
shows that in the control rats stomach and intestine, and hence the alimentary tract, 
were empty 90 min. after water had been given (Heller and Smirk, 1932 ; Dicker, 1948a). 
In rats injected with sodium cyanate, however, the stomach still contained 2.2 ml. / 
100 g. rat after 180 min. (Fig. 4B). On the other hand the weight of the intestine had 
decreased below the average weight of normal empty intestine after 180 min. These 
results suggested that in rats which were given water and sodium cyanate there was 
a marked delay in the emptying of the stomach while the intestine was losing some 
of its water content. The overall effect on the alimentary tract (stomach + intestine) 
was that in rats injected with NaCNO about 30 per cent of the administrated water 
had not yet been absorbed after three hours (Fig. 4B). 

' These results would explain why the simultaneous administration of NaCNO 
and water resulted in a urinar, volume significantly lower than that of rats receiving 
water only. They do not explain, however, why the injection of sodium cyanate 
90 min. after water administration reduced the rate of urine excretion. 
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Fic. 5.—Glomerular filtration rate (GFR) and rate of tubular water 
reabsorption (T,) in rats injected with a dose of 0.3 ml./100 g. of 
0.75 M-NaCNO. /: non-hydrated rats. @: rats which were given 
water and sodium cyanate at the same time. : rats which were 
injected with NaCNO 90 min. after the administration of water. 





Inulin clearance estimations in rats injected with sodium cyanate 


Inulin clearances (= glomerular filtration rate= GFR) were estimated (a) in non- 
hydrated rats, (b) in rats which were given the standard amount of water at the same 
time as sodium cyanate, (c) in rats which were injected with sodium cyanate 90 min. 
after water administration. 

Since the results were the same in the three series, they can be examined together. 
It will be seen from Fig. 5 that (i) in contrast to normal rats (Dicker and Heller, 1945 ; 
Dicker, 1949a) the glomerular filtration rate of cyanate rats was significantly corre- 
lated with the urine flow, (ii) the highest value for GFR in rats injected with sodium 
cyanate was significantly lower than the mean GFR of control rats, fed on the 
same diet. 

These changes in GFR coincided with changes in the tubular rate of water 
reabsorption. In control rats, Ty (= tubular water reabsorption expressed as per cent 
of the amount of water filtered) decreases with an increase of the urine flow—.e., in 
normal rats, changes in the rate of urine flow are the result solely of changes in Ty, 
In rats injected with sodium cyanate, however, the values for Tw were independent 
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of the urine flow, suggesting that changes in the rate of urine flow were mainly the 
result of changes in GFR. Furthermore, it will be noticed that in rats injected with 
sodium cyanate the mean value of Tw was significantly lower than that of controls. 
The overall renal response to an injection of sodium cyanate therefore consisted in 
a decrease (a) of the amount of water filtered and (b) of the rate of tubular water 
reabsorption. 


Diodone clearance estimations in rats injected with sodium cyanate 


Values for Tmp at high plasma diodone level in rats injected with sodium cyanate 
agreed with those found in control rats, suggesting that sodium cyanate did not impair 
the secretory activity of the tubules. 


Clearance estimations at low diodone plasma levels (=effective renal plasma 
flow = RPF) showed a significant correlation with the glomerular filtration rate and, 
hence, with the urine flow. The ratio GRF/RPF (=filtration fraction=FF) was 
lower than in control animals, indicating that the glomerular efferent vessels were 
dilated. This fact may provide an explanation for the decrease of the glomerular 
filtration rate observed. 


Cl~ and Na®* clearances in rats injected with sodium cyanate 


The rates of tubular reabsorption for Cl- and Nat+ (Tg, and Ty,) were signifi- 
cantly lower in rats injected with sodium cyanate than in controls. While values 
for T;, and Ty, in controls amounted to 96.8+0.32 and 98.7+0.52, respectively, 
they amounted to 95.2+0.51 and 97.0+0.47 in rats injected with sodium cyanate 
(t:2.190 and 2.144). 


DISCUSSION AND SUMMARY 


It would appear from this investigation that in contrast to other drugs—e.g., 
theophylline sodium acetate, mersalyl, calomel—which have a diuretic effect in rats 
only when extra water has been administered (Dicker, 1946) sodium cyanate has a 
diuretic effect on normal rats, whether they are hydrated or not (Schiitz, 1946). How- 
ever, the diuretic effect in hydrated animals is not due to an enhancement of water 
diuresis as happens with the other diuretic substances mentioned, but appears to be 
identical in character with that of non-hydrated rats. The reason for this seems to 
be that the diuretic response to water is severely impaired by sodium cyanate: the 
drug delays the gastric emptying time with the result that very little water is absorbed 
from the alimentary canal. 


The renal effect of sodium cyanate seems to be resultant of a decrease in the 
rate of tubular water reabsorption and of a decrease of the glomerular filtration rate. 
The former may possibly be the result of a decrease in the rate of the tubular 
reabsorption of Cl” and Na+. This assumption is borne out by the fact that the 
injection of 2.0 mU/ 100 g. vasopressin had an effect neither on the urine flow nor on 
the urinary concentrations of Cl~ and Na* of rats injected with sodium cyanate. 
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CABBAGE EXTRACTS AND INSULIN-LIKE 


ACTIVITY 
BY 
J. J. LEWIS 


‘From the Department of Pharmacology, University of Manchester 
(Received November 11, 1949) 


In 1922 the preparation of suitably active extracts of the islet tissue of the 
pancreas by Banting and Best laid the foundation of modern diabetic therapy ; 
disadvantages in insulin administration were, however, soon evident. These led to 
numerous attempts being made to administer insulin or insulin preparations by 
mouth and to search being made for other substances having an insulin-like activity, 
but which were active when administered orally. In this search attention was 
paid to the plant kingdom, especially to those plant organs in which active 
carbohydrate metabolism was known to occur. Collip (1923) obtained extracts 
from many plant sources which when injected into experimental animals caused 
hypoglycaemia ; similar work was performed by Perri (1942) with similar results. 
Dubin and Corbitt (1923) claimed to have isolated from an alcoholic extract of 
cabbage a substance which when injected into fasting rabbits caused a marked 
lowering of the blood sugar. Ederer (1927) found that cruder extracts of cabbage 
when administered by mouth had a similar effect, and Macdonald and Wislicki 
(1938), using methods of extraction and purification not unlike those of Dubin 
and Corbitt, demonstrated the presence in cabbage of a hypoglycaemic substance 
orally active in dogs and rabbits. On experimental grounds, the validity of the 
conclusions drawn by Collip and by Dubin and Corbitt were questioned by Braun 
and Rees (1935) and by Jorgensen and Lynn (1938). Luntz (1940) on clinical 
grounds did not consider the findings of Macdonald and Wislicki more than 
mildly encouraging. 

In view of the conflicting evidence and of the potential importance of an 
insulin-like substance which could be administered by mouth, an attempt has 
been made to repeat the work of Dubin and Corbitt, Ederer, and Macdonald 
and Wislicki. 

METHODS 

Method of extraction of Dubin and Corbitt (1923).—The cabbage was cut finely 
with a sharp knife and thoroughly minced. The minced cabbage was extracted for 
24 hours by macerating with sufficient 95 per cent (v/v) ethanol to give a 70 per cent 
(v/v) alcoholic solution. The supernatant liquid was poured off, the marc pressed, 
the liquids mixed and filtered. The filtrate was evaporated under reduced pressure to 
a volume of 75 ml./kg. of cabbage extracted. The concentrate was extracted with 
sufficient ether to remove the chlorophyll and the chlorophyll free extract evaporated 
under reduced pressure to a volume of 60 ml./kg. of cabbage extracted. Adjustment was 
then made with 95 per cent (v/v) ethanol to give an 80 per cent (v/v) alcoholic solution. 
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This was allowed to stand for twenty-four hours in a cool place and the supernatant 
liquid decanted from the precipitate. The former was then adjusted with 90 per cent 
(v/v) ethanol to give a 93 per cent (v/v) alcoholic solution and allowed to stand 
for twenty-four hours in a cool place. The precipitate was separated by filtration 
or centrifugation and dried with alcohol and ether; it was used either at once or 
stored in vacuum desiccators over a suitable desiccant. When necessary, further 
purification was effected by dissolving the concentrate in water, treating the solution 
with a saturated aqueous solution of picric acid, decomposing the precipitated picrate 
with hydrochloric acid-alcohol, and precipitating the hydrochloride with ether or 
acetone. 


Method of extraction of Macdonald and Wislicki (1938).*—The cabbage was cut 
finely with a sharp knife and thoroughly minced. The minced cabbage was extracted 
by macerating with 70 per cent (v/v) ethanol (giving an alcoholic solution of 47-50 
per cent (v/v)) for twenty-four hours. The supernatant liquid was then poured off, 
the marc pressed, the liquids mixed and filtered. The filtrate was concentrated under 
reduced pressure to a small bulk. The aqueous concentrate was extracted with 
sufficient ether to remove the chlorophyll and to the chlorophyl'-free liquid was added 
four times its own volume of 98 per cent (v/v) ethanol. After standing in a cool 
place for twenty-four hours the supernatant liquid was decanted from the precipitate 
and the former treated with three times its own volume of absolute ethanol. The 
resulting precipitate was separated by filtration or centrifugation and dried with alcohol 
and ether ; it was used either at once or stored in vacuum desiccators over a suitable 
desiccant. Further purification was effected as described in the method of Dubin 
and Corbitt. 


Method of extraction of Ederer (1927).—Active preparations were claimed to have 
been obtained by treating fresh green cabbage leaves as follows:—(1) By s‘mple 


decoction. (2) By expressing the juice. (3) By evaporating an aqueous extract to a 
syrup and then to dryness. 

Purification of the extract was brought about by treatment with kaolin followed 
by filtration or centrifugation. No further details were given in the original paper. 

The author prepared the decoction by the method of the British Pharmaceutical 
Codex (1934). The dry extract was prepared by evaporating the filtered, freshly 
prepared decoction to dryness in a porcelain dish. The press juice was obtained by 
mincing the cabbage finely and then pressing in an iron screw press. 


Methods of administration and estimation of activity —The extracts were adminis- 
tered in filtered aqueous solution, by stomach tube or by subcutaneous injection, to 
fasting rabbits, which had received water but not food during the twenty-four hours 
before the commencement of the experiments. The normal diet of these animals 
consisted of a morning feed of oats, greens, and water. 

Samples of blood for estimation of the sugar content were obtained from the 
marginal ear veins. Blood sugar content was estimated by the method of Hagedorn 
and Jensen (1923). 

When administration was by stomach tube, great care was taken to avoid injuring 
or unduly exciting the rabbits. Experiments in which injury had occurred or was 
suspected or in which there was undue struggling were not continued. 

Dosage was calculated where possible in grammes or fractions of a gramme of 
extract per kilogramme of body weight of the rabbit, or in terms of the weight of 
cabbage originally extracted. 


*] am indebted to Dr. Wislicki for the details of this method. 
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Before administration of the dose the fasting level of the blood sugar in the 
animal under experiment was determined. Blood samples were taken at intervals of 
4, 1, 2, 3, 4, and 5 hours after the administration of the dose or as indicated in the text. 

Control experiments were performed by carrying out parallel] experiments, viz:— 
On fasting rabbits without dosage of any kind ; on fasting rabbits after simple insertion 
of the stomach tube; on fasting rabbits after administration through the stomach 
tube of volumes of distilled water equ valent to those in which the doses of extracts 
were usually dissolved ; on fasting rabbits after administration by subcutaneous injection 
of graded doses of insulin. 


RESULTS 


Extracts prepared by the method of Dubin and Corbitt 


Thirteen experiments were performed ; in eight of these administration of the 
extract was by subcutaneous injection; in the remainder administration was by 
means of the stomach tube. Six batches of the extract were used. In four 
experiments no fall in blood sugar level below the fasting value was recorded, 
in seven experiments the maximum fall did not exceed 10 mg., and in one experi- 
ment the maximum fall recorded was 31 mg. In the latter experiment the lowest 
level of the blood sugar recorded was !04 mg./100 ml. No symptoms of hypo- 
glycaemia were observed. 


Extracts prepared by the method of Macdonald and Wislicki 


Fifteen experiments were performed; in five of these administration of the 
extract was by subcutaneous injection; in the remainder administration was by 
means of the stomach tube. Six batches of the extract were used. In six 
experiments no fall in the level of the blood sugar was recorded ; in a further six 
experiments the maximum fall did not exceed 20 mg. In three experiments the 
maximum fall recorded lay between 21 and 38 mg. (21, 26, and 38 mg.). In this 
group no symptoms of hypoglycaemia were observed. 


It was observed that large doses of the extract (Batch No. 6) when injected 
subcutaneously gave rise to a profound hyperglycaemia. 


Extracts, etc., prepared by the methods of Ederer 


From the observations of Ederer (1927) the feeding of raw cabbage as well 
as the administration of raw cabbage juice would be expected to produce symptoms 
of hypoglycaemia. Accordingly three fasting rabbits were allowed to eat raw 
cabbage and the weight eaten noted. No symptoms of hypoglycaemia were observed. 
Similarly none was observed to follow the parenteral or oral administration of raw 
cabbage juice. 

Administration of the other extracts prepared as described by Ederer did 
not produce a fall in the level of the blood sugar or any hypoglycaemic symptoms. 

In order to investigate the possibility of contaminants masking the “ hypo- 
glycaemic” action of the extracts described above, purification was taken a stage 
further in one instance and a hydrochloride prepared according to the method of 
Macdonald and Wislicki (1938). No evidence was obtained that this possessed 
any hypoglycaemic properties. 
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DISCUSSION 


Careful repetition of the work of Dubin and Corbitt, Ederer, and Macdonald 
and Wislicki has not indicated the presence of an insulin-like substance in cabbage. 
In no instance was an insulin-like reaction obtained. It is, however, not possible 
to rule out completely the existence of such a substance in plant tissues, since 
its presence and its extraction, if present, may be subject to many factors or com- 
binations of factors unknown. No information as to the type of cabbage, its 
age, its condition, its source, the soil upon which it was grown, the season during 
which it was harvested, etc., is given by the authors mentioned above, and since 
these factors are known to influence the chemical content of plant tissues, it may 
well be that they are operative here. It may also be that the method of extraction, 
again imperfectly described, is at fault, and here again many unknown factors 
may come into play. Careful consideration has been given to the factors men- 
tioned above as being the possible causes of failure to obtain active extracts and 
attempts are being made to overcome them. 


SUMMARY 


1. The work of Dubin and Corbitt, Ederer, and Macdonald and Wislicki on 
the preparation of “hypoglycaemic” extracts of cabbage has been repeated. 
2. It has not been found possible to reproduce the findings of these workers. 


REFERENCES 


Braun, C. E., and Rees, F. M. (1935). J. chem. Educ., 12, 453. 

Collip, J. B. (1923). J. biol. Chem., 56, 513; 57, 65. 

Dubin, H. E., and Corbitt, H. B. (1923). J. metab. Res., 4, 89. 

Ederer, S. (1927). Kiin. Wschr., 6, 72. 

Hagedorn, H. C., and Jensen, B. N. (1923). Biochem. Z., 135, 46; 137, 92. 
Jorgensen, P. S., and Lynn, E. V. (1935). J. Amer. Pharm. Ass., 24, 389. 
Luntz, G. R. W. N. (1940). Guy’s Hosp. Gaz., 54, 285. 

Macdonald, A. D., and Wislicki, L. (1938). J. Physiol., 94, 249. 

Perri, K. (1942). Chem. Z., 2, 923. 


ADDENDUM 
by A. D. MACDONALD 


In the prolonged absence abroad of Wislicki, I can only express the disap- 
pointment both he and I feel at Lewis’s failure to repeat our results. That we 
found something in our extracts which could on oral administration lower the 
blood-sugar of the rabbit, and keep a pancreatectomized dog in reasonable health, 
I am confident. We were also supplied with active extracts prepared by our friends 
at the Wellcome Laboratories. None of these extracts was stable—by the end 
of a month they were practically inactive. Several attempts to test the extract 
in human diabetes were made but were unfortunate, and with the coming of the 
war the work was discontinued, as our extracts only provided about an equivalent 
of a unit of insulin from a kilogramme of cabbage. We had hoped of course to 
pass this aspect of the problem into the hands of the chemist. 

Whether the presence of a hypoglycaemic fraction is seasonal or whether its 
instability is increased by some manipulation or contact which we avoided ten 
years ago -is uncertain. Recently Wislicki has tried and failed to produce an 
active extract, but like myself he is still confident that there was “ something there.” 
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It is generally recognized that the therapy of human trypanosomiasis is at 
least sufficiently good for the disease to be kept under control, and so the problem 
of immediate importance in Africa is the control of cattle trypanosomiasis. As 
much as four and a half million square miles of tropical Africa are considered 
to be held back from full development mainly by reason of cattle trypanosomiasis, 
of which the form most widespread, and usually most deadly, is that caused by 
Trypanosoma congolense. Our early work on the chemotherapy of trypanoso- 
miasis was largely influenced, therefore, by the desire to find a drug for use against 
T. congolense, although we did not neglect to look for activity also against other 
species such as T. evansi, T. equinum, and T. equiperdum which occur in Africa 
and elsewhere. So it happened that while early German work on the chemotherapy 
of T. congolense gave us a start in our researches, it was some work of ours with 
T. evansi which led us to “ Antrycide.” A preliminary account of the discovery 
was given in Nature (Curd and Davey, 1949). 













EXPERIMENTAL 


If we omit the arsenical and antimonial drugs from consideration the number of 
trypanocidal substances is few, and limited to the styryl-quinolines, the diamidines, 
suramin (“antrypol”’), the 4:6-diaminoquinaldines, and some phenanthridinium 
compounds. The activity of these substances has been reviewed by Davey (1949). 
The class that appeared to be capable of further exploration for our particular 
purpose comprises the 4:6-diaminoquinaldines. One of them, called “Surfen C,” 
has the constitution (I) (Jensch, 1937) 


NH, 

‘y ad ane TS 
I 

CHiyrAy = \Y \AniCht - 


It is active against 7. congolense, and, but for the advent of the phenanthridinium 
substances, particularly of dimidium bromide (2: 7-diamino-9-phenyl-10-methyl 
phenanthridinium bromide), it might have been used more extensively in the field. 

We decided to investigate whether the 4:6-diaminoquinaldine nucleus might 
be profitably linked with the pyrimidine nucleus, of which an intensive study had 
been made in these laboratories during our investigation of the chemotherapy of 




























*Trade-mark of Imperial Chemical (Pharmaceuticals), Ltd. . 
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malaria. One of the “ quinoline-pyrimidine ” substances which was prepared 
(M4828) was given the constitution (II) 


This substance, or more accurately what we thought was this substance, 
possessed activity against T. congolense, T. rhodesiense, T. brucei, T. equinum, 
T. equiperdum, and T. evansi,* but in no instance was the activity sufficiently 
great to prompt us to suggest a field trial for it. 

Pressure of other work then caused us to forsake temporarily this line of 
research, and we were not thrown back to it for a year or more when some 
events in the Sudan made us look again at M4828. We were informed by Mr. 
J. T. R. Evans, of the Sudan Veterinary Service, that results achieved with antrypol 
in the treatment of 7. evansi in camels were not so good as formerly and we 
were asked to suggest another drug. Mr. Evans sent us the strain of T. evansi 
from the Sudan and we tested its response in mice to various substances. The 
strain was indeed ten to twenty times more refractory to antrypol than two other 
strains of T. evansi we tested, but its response to M4828 was the same. We 
therefore suggested that the latter drug should be given a field trial, and we 
prepared more material. 

We obtained different results with the newer preparations, and finally, after 
many checks and counter checks, we were forced to conclude that pure M4828— 
that is to say, the pure substance having the constitution already given—had only 
a very poor trypanocidal action, that the much better activity encountered in 
the original preparation must have been due to an impurity, and that the impurity 
entered the preparation during quaternization. We thought the impurity must 
be a substance with pyrimidine nitrogen as well as quinoline nitrogen quaternized, 
and acting on this belief we prepared M7555 by an unequivocal synthesis. This 
substance, which is now known as “ Antrycide,” has the constitution (III) where 
X is an anion. 


NH, 
onN/\ 


NH, , 
‘< \“N CH, 


The properties of antrycide 
Four salts of antrycide have been prepared, the dibromide (m.p. 316°), the 
dichloride (m.p. 316°), the di-iodide (m.p. 312°), and the dimethylsulphate (m.p. 
265-266°). They are white crystalline solids. The halides are sparingly soluble 
in water, but the methylsulphate is readily soluble (up to about 33 per cent). 


_ *T. vivax and T. simiae, important trypanosomes of domestic stock in Africa, were not 
inciuded in the tests described here because they are non-infective for small laboratory animals. 
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There is general agreement amongst field workers that injections into cattle 
are most easily given subcutaneously, and consequently, in our search for a drug 
to be used against T. congolense, we have administered the experimental sub- 
stances to mice by this route. We found that the much less soluble halogen salts 
were much less toxic subcutaneously (or intramuscularly) than the freely soluble 
methylsulphate, whereas intravenously all the salts were about equally toxic (due 
allowances being made, of course, for the differences in molecular weight). Since 
the speed of access of a substance to the transport systems of the body considerably 
influences its toxicity we thought the explanation of the contrasting toxicities 
must lie in the differing solubilities of the salts, the freely soluble methylsulphate 
being absorbed rapidly and the poorly soluble halogen salts slowly. Further 
experiments supported this view. The point is important not only in relation 
to toxicity, but also to prophylaxis. The greatest service in the control of cattle 
trypanosomiasis in Africa will be rendered by a drug which not only cures an 
established infection but confers protection against further infection. We found 
that antrycide exerted such a protective effect in laboratory animals, and we 
came to the conclusion that it was due to the establishment of a reservoir or 
depot of the drug in the subcutaneous spaces (or in the muscles) from which 
seepage into the transport systems was spread over a comparatively long time. 
That is to say, the persistence of antrycide in the body, which gives the drug 
its prophylactic properties, is not due to slow excretion but to poor absorption: 
inject antrycide chloride intravenously and its prophylactic properties are poor ; 
inject it subcutaneously or intramuscularly and they are considerable. 

The experimental details concerning the toxicity, therapeutic action, and prophy- 
lactic action of antrycide are given below. Most of the work was done with 
antrycide chloride and antrycide methylsulphate after preliminary experiments had 
shown that there was no significant difference between the bromide, chloride, and 
iodide. 

Toxicity 

The approximate median lethal dose (LDSO), in acute toxicity tests, of antrycide 

rg and antrycide methylsulphate for small laboratory animals is given in 
able I. 


TABLE I! 
TOXICITY OF ANTRYCIDE IN SMALL LABORATORY ANIMALS 





LDSO of antrycide salts in mg./kg. 








Salt = Mice | Rats Rabbits 
S.C. “a i.p. [7 “iw. | S.C. Z 6.4. iw. . 
Methylsulphate .. .. | 20-25 | 15-20 1015 18-22 , circalS 5 
Chloride .. .. .. | * | ois | * | * 


| 
| 





* Not straightforwardly measurable (see text) 
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Some comment on the toxicity of the chloride administered subcutaneously 
is necessary. If suspensions of this salt of various strengths, 10 per cent, 20 per 
cent, and 50 per cent, are prepared and 0.25 ml. of each suspension injected 
subcutaneously into groups of mice no deaths are caused. If, however, 0.5 ml. 
is injected some deaths are usually produced, and approximately the same pro- 
portion of mice die whatever the total strength of the suspension. Clearly, then, 
the immediate toxic effects of this salt, when it is given subcutaneously, are related 
to the amount of drug in solution, and not to the amount in suspension. It 
follows that relatively enormous quantities of suspended chloride can be given 
to animals subcutaneously or intramuscularly without causing a generalized toxic 
effect. 

A few observations have also been made on the toxicity of antrycide in 
monkeys and cattle. Two monkeys were given 6 mg./kg. and 7.5 mg./kg. respec- 
tively of antrycide methylsulphate intravenously. The one receiving the larger 
dose collapsed and the other was obviously disturbed; breathing in both was 
shallow and rapid and both salivated profusely ; they recovered within 12 hours. 
Eight monkeys have been given 10 mg./kg. of the same salt intramuscularly 
without any apparent adverse effect ; one which received 15 mg./kg. was obviously 
affected and again the breathing became shallow and rapid and the flow of saliva 
was markedly increased. Cattle which received doses ranging between 12 and 
18 mg./kg. subcutaneously exhibited symptoms similar to the monkeys. Details 
of the experiments in cattle are given elsewhere. 


Therapeutic experiments 


The results of experiments in which antrycide was used to cure mice infected 
with various species of trypanosomes are given in Table II. The experiments 
were done in the following way. Mice were infected by intraperitoneal or intra- 
venous injection of trypanosomes suspended in a mixture of Ringer solution and 
horse serum. A sufficient number were injected for trypanosomes to be easily 
found in wet blood smears taken within 24 to 48 hours of infection. Treatment 
was given not longer than 48 hours after infection as a single dose administered 
under the skin of the neck. Wet, thick blood smears made from a drop of blood 
squeezed from the tip of the tail were then examined daily (except Sundays) 
during a period of 30 days after treatment or until a relapse had been demon- 
strated. A mouse which remained free of apparent infection for 30 days after 
treatment was regarded as cured; this standard of cure is somewhat arbitrary 
but it is sufficient for laboratory purposes. From other work we have done we 
know that if the strain of trypanosome is well adapted to the mouse—and all 
the strains used in these experiments were—only a very small proportion of 
mice (5 to 10 per cent) relapse later than 30 days after treatment. 

The doses given in Table II refer to the chloride, although many of the mice 
were treated with methylsulphate at doses calculated to correspond to chloride. 
In these and other experiments in mice no significant difference in therapeutic 
activity between the various salts could be detected if due allowance was made 
for the differences in molecular weight; this is because the curative doses for 
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TABLE II 
CURATIVE ACTION OF ANTRYCIDE AGAINST VARIOUS SPECIES OF TRYPANOSCMFS IN MICE 
Numbers indicate the number of mice cured (C) or relapsed (R) 











wae rhodes r bruce | bruce | ime : ‘aii aie iin 

i SS ~—iense_‘ gambiense (labora- | (Maria- | 7 ~ | equinum wit “one 

S.C. (Tinde) tory) | kani) dum | (Sind) (Sudan) (Busimbi) 
25 8C 10C 6c | 7C | | | | 








= — ' | | 
12.5 8C | 21C | 3c | 16C | | | 
| 





14R 4R | | | | 
5 | 3C | NEC 4C | 8C 7C sc | 6C | 15C 
33R_ | 8R | 17R | | | 
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Notes on the strains of trypanosomes 


i. T. gambiense, T. brucei (laboratory), T. equiperdum, and T. equinum were old laboratory 
strains, long established in mice, and received by us originally from the Liverpool School of Tropical 
Medicine. 


ii. 7. rhodesiense (Tinde) was received from Tanganyika in 1946. It has been much used in 
experiments at the Tinde laboratory. It has been passaged in our laboratory in mice. 


iii. 7. brucei (Mariakani) was isolated from a camel at Mariakani, Kenya, by Dr. E. A. Lewis, 
who thereafter maintained it in the laboratory by fly passage. We received it in 1948 and have 
maintained it in mice. 


iv. T. evansi (Sind) was isolated for us by Dr. Idnani from a horse near Hyderabad in August, 
1947. We have maintained it in mice. 


v. T. evansi (Sudan) was isolated for us by Mr. J. T. R. Evans from a camel in the Sudan in 
1946. It is the strain refractory to antrypol. We have maintained it in mice. 


vi. T. congolense (Busimbi) was sent to us from Uganda in 1946 by Mr. J. B. Randall. The strain 
had been isolated from naturally infected cattle in November, 1945, and has since been passaged 
in mice. 


mice are so small that even the sparingly soluble halogen salts can be given in 
complete solution. In larger animals, however, the quantity of drug that has to 
be administered is such that, for convenience, a salt like the chloride must be 
given as a suspension. Since the rate of absorption of a suspension of a poorly 
soluble antrycide salt is very different from that of a solution of a freely soluble 
salt differences between the curative effect of the chloride and the methylsulphate 
are to be expected in the larger domestic animals. 
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TABLE III 
COMPARISON OF CURATIVE DOSES OF ANTRYCIDE, ANTRYPOL, AND DIMIDIUM BROMIDE IN MICE 





Approximate minimum curative © dose i in mg. kg. in mice 


Drug T. rhodesiense | . evansi % Zz; T. congolense 


(Tinde) T. equiperdum T. equinum omen | (Busimbi) 








Antrycide* (s.c.) - | , ' l 2.5-5 
Antrypol (i.p.) .. 2 25-S0t 
Dimidium bromide (i. p. ) >25 





* Figures have been ** rounded *’ and can be taken to be applicable to either the methylsulphate 


or the chloride. 
+ This strain of 7. evansi has probably been made resistant to antrypol through mistreatment 
of camels in the Sudan; other strains are much more susceptible and may be cured by 2—5 mg./kg. 


The intensity and range of trypanocidal activity of antrycide are well shown 
in Table II, and are emphasized again in Table III, where a comparison is made 
between antrycide, antrypol, and dimidium bromide. Antrycide has the widest 
range of activity against the various species of trypanosome of any drug we know, 
and is the most active against T. congolense, T. evansi, T. equinum, and T. 
equiperdum. A point of considerable interest is that we have not succeeded in 
demonstrating any activity against 7. cruzi. 


Prophylactic experiments 


Preliminary experiments were done in mice. Antrycide chloride was injected 
into the mice subcutaneously, and at varying times after treatment attempts were 
made to infect them with 7. congolense. The results of the experiments are 
summarized in Table IV. 


It will be recalled that the toxicity experiments we did in laboratory animals 
had shown fairly conclusively that antrycide chloride is poorly absorbed from the 
subcutaneous spaces, and this led us to think that the prophylactic powers of the 
drug, which are clearly shown by the results in Table IV, might be dependent 
on the establishment of a store of unabsorbed drug rather than on its persistence 


TABLE IV 
PROPHYLACTIC ACTION OF ANTRYCIDE IN 7. congolense INFECTIONS IN MICE 


The period in weeks is the period elapsing between treatment and attempted infection; 
the negative sign indicates that the given number of mice resisted infection, the positive 
sign that they became infected. 





Dose mg /kg. 2 weeks 4 } weeks 6 weeks 8 weeks 10 weeks 
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in the body in the usually accepted sense of the term. Two experiments that we 
did proved the essential correctness of this view. 

Experiment (a). A suspension of antrycide chloride can be injected beneath the 
skin of the back of rabbits in such a way that the bulk of the drug is localized in 
a very small area, where it eventually becomes encapsulated. Rabbits which have 
received 5 mg./kg. in this way resist infection with T. congolense for at least two 
months afterwards. If, however, the drug is removed surgically the rabbits can be 
infected within a month. 

Experiment (b). It can be seen from Table IV that mice treated with 25 mg./kg. 
antrycide chloride resist infection with T. congolense for at least six weeks afterwards. 
if the same amount of drug is given intravenously by a slow injection spread over 
about half an hour many of the mice can be infected seven days later. 


DISCUSSION 


The more important results of the experiments outlined above were 
communicated to the Colonial Office Tsetse Fly and Trypanosomiasis Research 
Committee and to the Veterinary Department of the Sudan Government, and 
with their co-operation arrangements were made for preliminary field experiments 
to be done in the Sudan and East Africa. Two salts, the methylsulphate and the 
chloride, were chosen for these experiments. We expected the methylsulphate, 
because of its much better absorption, to be superior curatively and the chloride, 
because of its poor absorption, to be superior prophylactically. We felt that our 
laboratory experiments gave us a reasonably accurate guide to the region in which 
the size of the curative dose of methylsulphate in domestic animals might lie, 
but we could not forecast the prophylactic results, for two reasons. In the first 
place some precipitation of antrycide chloride might follow the injection beneath 
the skin of antrycide methylsulphate through interaction of the salt with body 
fluids containing chloride ions, and the amount of this precipitation, which could 
not be guessed, would determine the degree of prophylactic power possessed by 
the methylsulphate. Secondly, the prophylactic power of the chloride seemed 
to depend in some measure on the size of the host. Only results achieved in 
mice have been quoted above, but in other experiments in rats and rabbits longer 
periods of protection were given by comparable doses. We were hesitant, there- 
fore, to forecast what might happen in cattle and other large animals. 

Our African experiments were designed to embrace cattle trypanosomiasis and 
(in part) T. evansi in camels, but clearly our laboratory results show that antrycide 
is fully worthy of trials against infections due to T. equiperdum and T. equinum. 


ADDENDUM 


The experiments concerned with antrycide itself which are described above 
were done during 1947 and the early part of 1948, but for various reasons this 
account of them could not be prepared until September, 1949. In the interval 
Dr. A. Spinks, a colleague in these laboratories, studied chemically the absorption 
and excretion of antrycide in various animals and has fully confirmed the inferences 
we drew from purely biological experiments. 
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SUMMARY 
1. An account is given of the work which led to the preparation of “ Antrycide.’ 


2. Two salts have featured in the experiments—antrycide chloride, which is 
only slightly soluble in water, and antrycide methylsulphate, which is freely soluble 
in water. Absorption of the two salts, after their subcutaneous injection, appears 
to be directly related to their solubility ; a suspension of the chloride is absorbed 
slowly and a solution of the methylsulphate rapidly. 

3. A table is given showing the curative properties of antrycide in mice 
infected with various species of trypanosomes. The substance is most active against 
T. congolense, T. evansi, T. equinum, and T. equiperdum, but also exhibits marked 
activity against 7. brucei, T. rhodesiense, and T. gambiense. No activity has been 
detected against T. cruzi. 

4. It is shown that antrycide may be used to protect mice for several weeks 
against 7. congolense. 

5. Evidence is quoted to show that the prophylactic properties of antrycide 
are due, for the most part, to the establishment of a reservoir of drug beneath the 
skin from which absorption takes place slowly, and not to persistence of the drug 
in the body in the usually accepted sense of the term. 


The chemical work leading to the synthesis of antrycide was carried out with 
the co-operation of Dr. A. D. Ainley, Dr. P. A. Barrett, Dr. G. E. Beattie, Mr. W. 
Hepworth, Dr. A. G. Murray, and Dr. C. H. Vasey. A full acount of this work 
will be published elsewhere. 


, 


We are indebted for help with the biological work to Mrs. Margaret Smith. 
Mrs. Joan Nellist, and Mrs. June Massey. 
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Bacq (1939a, b) showed that veratrine (5 x 10°’) increases the response of 
striped muscle to potassium ions; this property might explain most, if not all, 
the actions of veratrine, particularly on the muscle fibre. 

It is well known that veratrine is not a pure alkaloid, but a mixture of 
several; a review of the chemistry and pharmacology of different pure alkaloids, 
isolated from Veratrum album and Schoenocaulon officinale, has been published 
by Krayer and Acheson (1946). We wished to know how much these pure 
alkaloids would increase the response of striated muscle to potassium ions. 












Sensitization to potassium ions 


All our experiments were made on the same pattern: a muscle (rectus 
abdominis) of our common toad (Bufo bufo) or sometimes of the frog (Rana 
temporaria) was immersed in a constant volume of Ringer solution, suitably 
oxygenated ; it was excited by small amounts of KCI (0.2 to 0.5 c.c. 5 per cent (w/v) 
KCI in a 10 c.c. bath) at first in normal Ringer and afterwards in Ringer con- 
taining a veratrum alkaloid. The muscle contraction to K, isotonically recorded, 
developed quickly, so that the potassium could be washed out thirty seconds to 
one minute after its introduction into the solution. 

All the alkaloids tested increased the sensitivity of the muscle to K ions, 
but to different degrees ; their action was easily reversible by washing with normal 
Ringer (Figs. 1 and 2). 

We first determined the lowest concentrations of each alkaloid, which increased 
the muscle reaction to K. Our results are given in Table I and compared with 
the toxicities of the pure alkaloids, measured as LDSO by Krayer and Acheson 
(1946). 

It will be seen that a certain relation exists between the toxicities and the { 
sensitizing concentrations, but this relation is not striking enough to allow definite 
conclusions. For instance, the lowest sensitizing concentrations of cevadine and 
jervine are about the same, although the latter substance is ten times less toxic 
than the former. It is, indeed, illogical to compare lethal doses with threshold 
sensitizing concentrations. When using higher concentrations, we could observe 
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Fic. 1. 


FiG. |.—-Frog’s rectus ina 10c.c. bath. Contractions 
provoked by 0.2 c.c. 5°4 KCl. A, in pure 
Ringer; B, in | * 10-* cevadine after 12, 35, 
and 60 min.; C, 30 min. after return to pure 
Ringer. 


Fic. 2.—Same as in Fig. 1. Contractions provoked 
by 0.2 c.c. 5° KCl. A, in pure Ringer; B, in 
1 x 10°* veratridine after 10 and 20 min. Fic. 2. 


a closer relation between the LDSO and the sensitizing power to K. Unfortunately, 
we had at our disposal only a small quantity of each drug and were not able 
to make enough experiments with all of the alkaloids mentioned in Table I. 

If ten times the lowest sensitizing concentrations of jervine and cevadine are 
used, jervine, though acting twice as long, is now half as active as cevine (Table 


II, A and B). 

In the same way cevadine, at a low concentration, close to the sensitizing 
threshold, potentiates more strongly than germine at a concentration which is 
double the lowest active one, and more strongly than cevine at five times its 
threshold concentration (Table II, C, D, and E). 

Substances, such as germine and cevine, which have a rather high threshold, 
show only a slight augmentation in sensitizing power, when their concentration 
is increased, whereas the other alkaloids, which are active in much lower con- 
centrations, show a marked increase in sensitizing power when their concentration 
is increased (Tables I and II). 


TABLE I 





Alkaloid LDSO Lowest sensitizing 
mg./kg. mouse, i.v. concentration 
Protoveratrine .. ms wi 0.048 2X ®-* tos X 10" 
Veratridine a ag a 0.42 ix 
Cevadine a i" a l 5 X 10-7 tol < 10-* 
Jervine .. i ea a 9.3 xX 10" w2x< 16 
Rubijervine i 4 - 70 1x 10-5 
Cevine .. iis i - 87 2x 10-5 
Germine ig 7 PY 139 sx 
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TABLE Il 
Alkaloid and Time of action Increase in the contraction 
concentration used in minutes provoked by 5% KCl 
\. Jevine2.10* .... 10 x 10 
B. Cevadine1.10-°.. BE 5 x 20 
C. Germine1.10-*.. ~ 15 “-zZ 
D. Cevadine 1.10-° .. me 10 x3 
E. Cevine 1.10-4 ns! ot 13 x 3 





Time is also a matter of importance. At its lowest active concentration, 
cevadine (1 x 10°*) still induces increased response to potassium after 45 minutes 
of action ; jervine, however (2 = 10°), shows a maximum effect after 20 minutes 
and cevine (2 x 10°) after 10 minutes. 

In order to have a full picture of the sensitization to K, not only must the 
lowest sensitizing concentration be considered, but also the action of higher 
concentrations and the time factor. 


Decurarization 

When applied to a curarized frog’s sartorius, veratrine provokes intense 
repetitive impulses from both end-plates and muscle fibres in response to a single 
nerve impulse (Coppée, 1943). Pure veratrum alkaloids have the same action. 
Our technique is the following: An isolated sartorius muscle of a frog (Rana 
temporaria) with its motor nerve is set up, and the 
muscular action potentials recorded by means of 
two electrodes, one of which is placed on a chosen 
spot of the muscle and the second on the upper 
ligated end. The action potentials are observed 
by means of the cathode ray oscillograph built and 
described by Coppée (1943), and eventually re- 
corded. The muscle is indirectly stimulated by 
condenser discharges. 

Our first experiments had exhausted the 
samples of several alkaloids so that we were only 
able to test veratridine, cevadine, and cevine. 
[hese three drugs have a remarkable decurarizing 
iction on the frog’s sartorius, curarized with 
“ Merck ” curare, and, like veratrine, they produce 
in asynchronous repetitive response (Fig. 3). We 
bserved the same phenomena as those carefully 
lescribed with veratrine by Coppée (1943). 

Fifteen minutes after the addition of a vera- 











trum alkaloid (5 x 10° cevine; 1 x 10° cevadine; © mmf 20 msec. 
4 x 10° veratridine), the curarized muscle develops — 
pian . mm 3, rogs sartorius after 
a stronger and more prolonged contraction than complete curarization. — In- 
before curarization. When the muscle is in this direct stimulation. 1, End-plate 
state and is stimulated at a rather high frequency potential. 2, The same poter- 
tials fifteen minutes after 1 « 


(one stimulus every one or two seconds), fatigue 10-* cevadine. 
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rapidly occurs: first, mechanical response and muscle fibre potentials disappear ; 
afterwards, the few steps of the staircase-like repetitive end-plate potential (see 
Fig. 3) may also disappear one by one. This phenomenon was particularly well- 
marked with veratridine: the repetitive response induced by a single nerve stimulus 
lasted over ten seconds, the tension developed being double the normal one ; none 
of the later stimuli were able to induce repetitive response of the end-plates. 


SUMMARY 


1. Pure veratrum alkaloids (protoveratrine, veratridine, cevadine, jervine, 
rubijervine, cevine, and germine) sensitize isolated amphibian striped muscle to 
potassium ions; this action parallels their general toxicity. 


2. Cevine, cevadine, and veratridine are decurarizing substances. 


We are indebted to Professor Krayer for specimens of the pure veratrum alkaloids. 
We also wish to thank Professor Coppée for his interest in the decurarization 
experiments. 
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It has been suggested by many authors (see review by Augustinsson, 1948) 
that anticholinesterase drugs may act on skeletal muscle in two ways. Firstly, 
they may act by inhibiting cholinesterase, and hence preserving acetylcholine (Ach) ; 
secondly, they may exert a direct stimulating action on the endplate or muscle 
fibre. In the treatment of myasthenia gravis by anticholinesterase drugs some 
(e.g., neostigmine) have been found more effective clinically than others of equi- 
valent anticholinesterase activity in vitro (e.g., eserine). This difference has been 
attributed partly to differences in intensity of the direct action on the muscle. Until 
recently it has not been possible to distinguish between the direct action and the 
anticholinesterase action, but with the introduction of anticholinesterases such as 
diisopropylfluorophosphonate (DFP) and tetraethylpyrophosphate (TEPP), whose 
actions are very little, if at all, reversible (Brauer, 1948; Jansen, Nutting, and 
Balls, 1948 ; Burgen, 1949), such analyses have been made. Riker and Wescoe 
(1946) and Miquel (1946) showed in the cat and frog respectively that neostigmine 
in suitable concentrations could produce a contracture of muscle after all the 
cholinesterase had apparently been inactivated by DFP. Miquel also demonstrated 
that under these conditions neostigmine and eserine in relatively low concentrations 
could still potentiate the action of Ach on the frog rectus preparation; this he 
attributed to direct action of these anticholinesterases on the muscle. Bacq (1947) 
on the other hand found that in the frog rectus, after preliminary treatment with 
DFP, eserine did not alter the response to Ach, while Quilliam and Strong (1949) 
noted in the same circumstances a reduced Ach response. 


In this paper the following points have been studied on the frog rectus 
abdominis muscle: 


(a) The direct stimulant action of carbamic esters such as neostigmine, eserine, | 
Nu 683, and Nu 5130, and their influence on the sensitivity of the muscle to Ach. f 


(b) The responses to muscle stimulants other than Ach—e.g., nicotine and 
potassium. 


(c) The anticurare actions of carbamic esters and TEPP. 
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METHODS AND MATERIALS 


The experiments were carried out in the period January to May with Rana 
temporaria frogs. The isolated rectus abdominis muscle was prepared as described 
by Chang and Gaddum (1933). It was set up in a bath of 2 ml. frog Ringer solution 
(0.6 g. NaCl, 0.0075 g. KCl, 0.01 g. CaCl,, and 0.025 g. NaHCO, per 100 ml.; 
final pH 7.2). Each test was usually carried out during a period of 90 seconds, and 
the interval between the tests varied from 5-30 minutes depending on the rate of 
relaxation of the muscle, but in any case it was kept constant during any given 
experiment. Further details are given in the legends to the Figures and in the text 
relating to different experiments. 

In order to produce complete inhibition of cholinesterase TEPP was added to 
the bath in a concentration of 3-5 y»g./ml. for 30 minutes. In order to maintain 
this inhibition of the enzyme it was necessary to add TEPP in a concentration of 
0.02 pg./ml. to the Ringer solution used during the tests of the responses to the 
various muscle-stimulating substances. 

For estimation of cholinesterase activity the muscle was ground with sand in a 
mortar, suspended in Ringer’s solution containing Ach in a final concentration of 
1 pg./ml. The mixture was then incubated at 19° C. and the residual Ach assayed 
on another rectus muscle after different intervals. This method is more sensitive than 
the manometric technique described by Ammon (1933). It was found with this pro- 
cedure that treatment with TEPP, as described above, reduced the rate of hydrolysis 
of Ach to less than 2 per cent of that in the absence of TEPP and hence provided the 
required background for the testing of the direct effects of other anticholinesterases. 

In some of the experiments the isolated rat phrenic nerve diaphragm preparation 
(Biilbring, 1946) was used for estimation of anticurare activity of neostigmine and 
Nu 5130, and the manometric method (Ammon, 1933) for comparison of their 
anticholinesterase potencies. 

TEPP was made up as a 5 per cent (v/v) stock solution in dry propylene- 
glycol and from this an aqueous solution was made immediately before use. 

Nu 683 is the dimethylcarbamic ester of 5-phenyl-2-hydroxy-benzyltrimethyl- 
ammonium bromide and Nu 5130 is the dimethylcarbamic ester of 3-hydroxy- 
methylpyridine hydrobromide. Neostigmine methylsulphate and eserine salicylate 
were also used ; they will be referred to as neostigmine and eserine, but all results 
relate to their salts. 


RESULTS 


Direct stimulant action of carbamic esters on the frog rectus muscle 


Neostigmine had no effect on the rectus’ muscle until with a concentration 
of 25 yg./ml. a small contracture occurred. With higher concentrations this 
contracture became larger. The dose-response curve, however, rapidly flattened 
out so that with concentrations exceeding 500 »g./ml. virtually no further increase 
in the contracture occurred, and even with 1 mg./ml. the contracture was less 
than that produced by 0.25 ug./ml. of Ach. When the muscle was exposed to 
neostigmine for periods exceeding 90 seconds the dose-response curve was steeper 
but still flattened out at a level below the height of the maximal Ach-contracture 
obtained on the same muscle. In Fig. | the dose-response curve of neostigmine 
is compared with that of Ach before and after sensitization of the muscle with 
TEPP. It will be seen that the rectus was very much less sensitive to neostigmine 
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than to Ach, and, as was to be ™™” 
expected, the sensitivity to neostig- 6O 
mine was quite unaffected by sensi- 
tization of the muscle with TEPP. 

The minimum stimulating concen- 50 
tration of eserine was about | mg./ 

ml. It was noticed that the latent 
period with eserine was longer than 

with Ach or neostigmine. The 407 
effect of eserine was also unchanged 
by TEPP. 

The anticholinesterases Nu 683 30} 
and Nu 5130 had no stimulating 
effect whatever, even in concentra- 
tions of 2 mg./ml. 
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Concentrations of carbamic esters 
required to sensitize the rectus 
to Ach 

The action of the carbamic esters 
on the sensitivity of the rectus muscle 
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to Ach was examined in the follow- 63125 250 375 500 
ing way: an Ach-dose-response ————— =3 + + 
curve was first established on an 7 a 0. * ® 7 
untreated muscle; then one of the = OG = -“ oO 
‘ : age lOo0o Oo fo) 
carbamic esters was added in a low oO = 
concentration to the bath for 30 vg. Acn/mi. 


minutes and an Ach-dose-response F!G. 1.—Dose-response curve of acetylcholine and 





: a . . neostigmine on the frog rectus abdominis muscle 
curve again recorded. This proce- before and after tetraethylpyrophosphate (5 
ug./ml. for 30 min.). Duration of tests 90 sec. 
Ordinates: height of contractures in mm. 
Abscissae: concentration of Ach (-chloride) and 
neostigmine (-methylsulphate) in yg./ml. (final 
concentration). (a) Ach before TEPP, (4) neostig- 
mine before TEPP, (c) Ach after TEPP, (d) 


dure was repeated with increasing 
concentrations of the carbamic ester 
until maximal sensitization to Ach 
was prodeced. At this point the 
muscle was repeatedly washed and 


Bel < 
5 pg. TEPP/ml. added to the bath neostigmine after TEP 


for 30 minutes. The sensitization which could be achieved by TEPP was taken 
as 100 per cent and the effects of the different concentrations of the carbamic 
ester were expressed as a percentage of this. A 30-minute period of exposure 
to the drugs was chosen after preliminary experiments had shown that this duration 
was necessary to allow the sensitization to reach a steady level. 

In Fig. 2 the effects of different concentrations of the four carbamic esters 
on the sensitivity of the rectus muscle to Ach are summarized. It will be seen 
that it was only possible to obtain full sensitization with neostigmine (4 p»g./ml.); 
Nu 5130 (21 y»g./ml.) produced 90 per cent, eserine (10 ug./ml.) about 60 per 
cent, and Nu 683 (12 ug./ml.) 20 per cent of the sensitization given by TEPP. 
These concentrations of the carbamic esters were optimal, and a further increase 
in their concentration had only a depressant effect on the sensitivity of the rectus 
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Fic. 2.—Effect of car- 
bamic esters on the 
sensitivity of the frog 
rectus to Ach. The 
action of each drug 
is expressed in per 
cent of the sensitiza- 
tion produced by 
TEPP on the same 
muscle (see text). 
Ordinates: Per cent 
sensitization (effect 
of TEPP = 100 per 
cent). Abscissae: 
molar concentration 
of the carbamic 
esters. (a) Neostig- 
mine methylsul- 
phate, (5) eserine 
salicylate, (c) Nu 
5130, (d) Nu 683. 
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to Ach. It can be further seen from Fig. 2 that the concentrations of neostigmine 

and eserine which are required to give an optimal sensitization are considerably 

lower than those which produce a direct stimulating effect on the muscle. The 

ratio: et SNS Ct for neostigmine about 6-8, for eserine about 
Maximal sensitizing dose 

100, and for Nu 683 and Nu 5130 it must be more than 100. 

That the difference in the degree of sensitization by the four carbamic esters 
is not due to inadequate inhibition of the muscle cholinesterase was indicated by 
experiments in which ground rectus muscles were incubated at room temperature 
(19-21° C.) for 30 minutes with each of these drugs. Ach in a final concentration 
of 1 yug./ml. was then added and the Ach breakdown tested on a sensitized 
rectus after different intervals. The results obtained are shown in Table I and 
represent for each group the means of three experiments. 

These experiments show that all four carbamic esters, in the concentrations 
used, were about equally potent as inhibitors of the muscle cholinesterase. 


Modification of the response of the fully sensitized rectus to Ach by the carbamic 
esters 


The concentrations of neostigmine, eserine, and Nu 5130, shown previously 
to produce maximal sensitization of untreated muscle to Ach, did not influence 
the response to Ach of a muscle fully sensitized by TEPP. 
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TABLE I 
HYDROLYSIS OF ACETYLCHOLINE BY GROUND RECTUS MUSCLE IN PRESENCE OF CARBAMIC ESTERS 
60 mg. ground rectus muscle used in each experiment. Final volume 10 ml. See text 





| 
Final | % Ach hydrolysis at Maximal 


Carbamic ester | concn. |— sensitizing 
yg.iml. | 25 min. | 50 min. | 70 min. | concn. yg./ml. 


4 
15 10 
25 12 
20 21 








Eserine salicylate i | 10 5 
Nu 683 rai re es 15 10 
Nu 5130 as | 25 | 9 





Neostigmine methylsulphate | 5 8 : 
| 
| 





If, however, neostigmine was added to the bath 5 seconds before Ach in 
concentrations which by themselves produced a contracture, the response of the 
muscle depended on the amount of Ach applied. With low concentrations of 
Ach the contracture was now larger than that given by Ach alone. With higher 
concentrations of Ach the contracture to Ach plus neostigmine was smaller than 
that given by Ach alone, as may be seen in Fig. 3 (curve C). As the concentration 
of neostigmine was increased this transformation was accentuated so that the 
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3.—Effect of neostigmine on the sensitivity to Ach of a rectus previously treated with TEPP. 
Neostigmine was added 5 sec. before Ach. Duration of tests 90 sec. Ordinates: height of 
contractures in mm. Abscissae: concentrations of Ach-chloride in wg./ml. (a) Control 
Ach dose-response curve after TEPP. (5) Ach + neostigmine (65 ug./ml.), (c) Ach + neostig- 
mine (250 yug./ml.). The height of contracture by neostigmine alone is given in A (65 ug./ml.) 
and B (250 yug./ml.). 

. 4.—Effect of eserine on the sensitivity to Ach of a rectus previously treated by TEPP. Eserine 
was added 5 sec. before Ach. Duration of tests 90 sec. Abscissae: concentrations of Ach- 
chloride in »g./ml. (a) Ach dose-response curve after TEPP, (b) Ach + eserine (0.1 mg./ml.), 
(c) Ach + eserine (2 mg./ml.). (A) is the height of contracture by eserine alone (2 mg./ml.). 
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slope of the Ach-dose-response curve became more and more flattened. After 
eserine this change in the response of the muscle to Ach was somewhat different. 
Here with concentrations below those producing a direct stimulating effect the 
response to Ach was diminished over the whole range of Ach-dosage, as may be 
seen in Fig. 4. When doses, which by themselves produced a contracture, were 
used the response of the muscle to Ach was similar to that described for neostigmine, 
but the change in slope was even more marked. 


A 


©02 003 002” 003° OOs* OO! o-02 o-oO3 or o2 o3f o3 


Fic. 5 Fic. 6 


FiG. 5.—Record of the effect of Nu 683 on the sensitivity to Ach of the frog rectus sensitized by 
TEPP. Abscissae: concentration of Ach-chloride in »g./ml. Duration of tests 90 sec. In 
the tests marked by + 15 ug. Nu 683/ml. was added to the bath 5 sec. before Ach. 


Fic. 6.—Record of the effect of d-tubocurarine on the sensitivity of the frog rectus to Ach. Abscissae : 
concentrations of Ach-chloride in wg./ml. At 4 d-tubocurarine (0.5 y»g./ml.) was added to 
the bath for 30 min. and Ach tested again in its presence. Duration of tests 90 sec. 


With Nu 683 and Nu 5130, as noted previously, no direct stimulating action 
could be demonstrated, and both these substances exerted only a depressant effect 
on the response of fully sensitized muscle to Ach. Nu 5130 was as potent as 
eserine, but with Nu 683 the depressant action occurred with much lower con- 
centrations than with the other two substances (Fig. 5). The blocking effect of 
the carbamic esters on the sensitivity of the rectus to Ach closely resembled that 
produced by d-tubocurarine on non-sensitized muscle (Fig. 6). 


Modification by carbamic esters of the response of the fully sensitized rectus to other 
stimulating drugs 


The carbamic esters modified the response of sensitized muscle to stimulants 
such as nicotine, carbamylcholine, and decamethonium iodide in the same way 
as they altered the response of the muscle to Ach. However, stimulating con- 
centrations of these esters enhanced the effect of KCI additively (Fig. 7), while 
depressant concentrations of the esters for Ach did not significantly reduce the 
response to KCI (Fig. 8). 


Anticurare action of the carbamic esters and TEPP 


The anticurare action of the anticholinesterases has been examined in the 
following way. A dose-response curve to acetylcholine was first established on 
the non-sensitized muscle (Fig. 9, curve A); the muscle was then soaked in Ringer 
solution containing 0.5 ug. d-tubocurarine chloride/ml. for 30 min., after which 
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FiG. 7.—Effect of neostigmine on the stimulating action of KCI on the frog rectus. Abscissae: 
concentrations of KCl in mg./ml. Duration of tests 90 sec. Interval between tests 20 min. 
(a) KCl dose-response curve, (6) KCl + neostigmine methylsulphate (150 yg./ml.), (c) KCl 
after addition of d-tubocurarine (0.5 »g./ml.) for 30 min. (A) Gives the height of contracture 
by neostigmine (150 ug./ml.) on the same muscle. a 

Fic. 8.—Record of the effect of Nu 683 on the stimulating action of KCI on the frog rectus. Abscissae: 
concentrations of KCI in mg./ml. Duration of tests 60 sec. Interval between the tests 25 min. 
In the tests marked by +) 20 ug. Nu 683/ml. were added 5 sec. before KCI. 





time a constant degree of depression had been produced. The dose-response curve 
to acetylcholine was then retested in the presence of this amount of d-tubocurarine 
(Fig. 9, Curve B). It will be seen that both the absolute sensitivity and the slope 
of the response were diminished ___,, 





(see also Fig. 5). The muscle eo} | 
was then repeatedly washed | 
until the sensitivity to acetyl- “| ¢ Ic 
choline had returned to the | 
same level as before addition / 
of d-tubocurarine. The muscle 49 | | r ai 
was now sensitized with an rd . 
anticholinesterase and the sen- —20 : - ® 
sitivity to acetylcholine tested “if 
once again (Fig. 9, curve C) "° . 
and finally the muscle was - . 
° oO! 02 o3 06 09 





soaked again in d-tubocurarine 
and the sensitivity tested in 
the presence of both d-tubo- 
curarine and the anticholin- 
esterase (Fig. 9, curve D). Pro- 
vided that the dose of anti- 


vk Ach/mi 


Fic. 9.—Effect of d-tubocurarine on the sensitivity to Ach 
of the sensitized and not-sensitized frog rectus. Dose- 
response curves for Ach: (A) in unsensitized muscle; 
(B) in presence of tubocurarine; (C) in muscle sensi- 
tized with TEPP; and (D) in presence of both TEPP 
and tubocurarine. 
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TABLE Il 
ANALYSIS OF DOSE-RESPONSE CURVES IN FIG. 9 





| 
Mean ratio of slopes 
Concn. | (range in parentheses) 


Anticholinesterase drug ug./ml. 
C/D 








; .05—3.47 
2.88-3.70 
3.01-3.61 


Eserine salicylate 
TEPP 
Nu 5130 


| 
hoe 

Neostigmine pera | 2.74-3. 66) | 
| ) 
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cholinesterase was not higher than that which produced optimal sensitization, there 
was no appreciable difference between the results obtained with TEPP, neostigmine, 
eserine, and Nu 5130. Analysis of the dose-response curves obtained in this 
way gave the figures recorded in Table II. 

These results show that doses of the carbamic esters and TEPP which produce 
optimal sensitization (see Fig. 2) are equipotent in their antagonism towards d-tubo- 
curarine. Nu 683 in concentrations up to 9 »g./ml. acted similarly. 

These anticholinesterases did not prevent the antagonism of d-tubocurarine 
mm. towards nicotine, carbamylcholine, and 
50 decamethonium iodide. 

It should also be mentioned here that 
the direct stimulating effect of neostig- 
mine and eserine on sensitized and non- 
40 sensitized muscle could be antagonized by 
d-tubocurarine. Pentamethonium iodide in 
a concentration of 50 ug./ml. behaved in 
30 the same way as 0.5 ug. d-tubocurarine/ ml. 


The effect of high concentrations of the 
carbamic esters on curarized, sensitized 

20 muscle 
In these experiments the rectus muscle 
was fully sensitized with TEPP and 
treated with d-tubocurarine (0.5 ,»g./ml. 
for 30 min.). All tests were then carried 
out in the presence of d-tubocurarine. 
1 . mn The addition of neostigmine in a concen- 
0.03 0.06 009 tration of 50 »g./ml. or more, 5 seconds 
pe. Ach/ml. before the addition of Ach, reduced the 
Fic. 10.—Effect of neostigmine on the sen- Sensitivity of the preparation towards 
sitivity of the frog rectus to Ach after Ach (Fig. 10). In these circumstances 
nc ll open we 92 apy the blocking action of neostigmine against 
Duration of tests 90 sec. (a) Ach dose- Ach could still be seen, but its direct 


response curve, (6) Ach + neostigmine ~ . . . ‘ 
suthetuishate (73 ont). (ch Ach + stimulating action was_ considerably 


neostigmine methylsulphate (150 ug./ml.). reduced. 
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Similar effects were seen with eserine and Nu 5130 in concentrations above 
those which give a maximal sensitization of the muscle. The curarizing effect 
of Nu 683 occurred in concentrations above 10 y»g./ml. 










DISCUSSION 


The rate of hydrolysis of acetylcholine by ground frog rectus muscle can be 
reduced to less than 2 per cent of normal by TEPP. The sensitization to Ach 
by the carbamic esters neostigmine, eserine, Nu 683, and Nu 5130 has been com- 
pared with the effect of TEPP with the following result: neostigmine sensitizes 
the rectus to the same extent as TEPP, and Nu 5130 is only very little weaker. 
Eserine can only produce about 60 per cent and Nu 683 about 20 per cent of the 
full sensitization produced by TEPP. It has been shown (see Table 1) that these 
differences in sensitizing capacity are not due to differences in cholinesterase 
inhibition. It must further be emphasized that with TEPP a rapid irreversible 
combination with cholinesterase occurs (Augustinsson and Nachmansohn, 1949). 
However, with the carbamic esters, which combine reversibly with cholinesterase, 
the figures for cholinesterase inhibition in our experiments with 90 seconds’ exposure 
to Ach or other drugs are higher than those summarized in Table I, since sufficient 
time is not allowed for the establishment of an equilibrium between the reacting 
components cholinesterase, Ach and inhibitor (Goldstein, 1944; Goldstein et al., 
1949). 

Neostigmine and eserine in concentrations above those necessary to produce 
optimal sensitization produce a contracture of the muscle by some direct action. 
With neostigmine this stimulating concentration is only 6-8 times greater than that 
which produces optimal potentiation of the response to Ach, but with eserine 
this ratio is about 100; with Nu 683 and Nu 5130 there was no stimulation at 
all in concentrations up to 2 mg./ml. 

Concentrations of the carbamic esters exceeding those which produce optimal 
sensitization towards Ach, modify the responses to Ach in muscle fully sensitized 
by TEPP. It has been shown that Nu 683, Nu 5130, and substimulant doses of 
eserine have a depressant action on the response to Ach of muscle sensitized by 
TEPP. A similar blocking effect of eserine towards Ach has been described by 
Hobbiger and Werner (1948) for the leech muscle. With stimulant doses of eserine 
and neostigmine (above 25 ,g./ml.) the resultant effect is the sum of their direct 
stimulant action and a depressed Ach-response (see Figs. 2 and 3). Like the 
depression of the Ach-response by d-tubocurarine, not only is the response to a 
dose of Ach diminished in the presence of these higher concentrations of carbamic 
esters, but the slope of the Ach-dose-response curve is also decreased. That 
this depressant action of the carbamic esters is essentially analogous to that of 
d-tubocurarine can be seen from the experiments in which potassium chloride 
was used as a muscle stimulant. On the cat muscle the action of potassium is 
not antagonized by d-tubocurarine (Brown, 1937). The experiments on the frog 
rectus, here described, have shown that 0.5 yg. d-tubocurarine/ml., which very 
considerably reduced the response to Ach (Fig. 6), had only a very slight effect 
on the action of KCI (Fig. 8). These findings are in agreement with the results 
of Buchthal and Lindhard (1942) on lizard muscle. If now the depressant action 
of the carbamic esters were analogous to that of d-tubocurarine, we should expect 
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to find that when they were administered together with potassium only addition 
of the stimulating actions, with practically no depression, would occur. This was 
indeed the case, and the results obtained agree well with those to be expected 
from simple addition. The stimulating effect of neostigmine or eserine was 
furthermore antagonized by d-tubocurarine ; hence we should expect that to some 
extent their stimulating action must be self-limited owing to the development of 
a depressant action. This may explain the dose-response curve for neostigmine 
shown in Fig. | which flattens out well below a maximum contracture. 

These rather complex effects of carbamic esters on the actions of Ach and 
other parasympathomimetic drugs may also explain some of the results obtained 
by other workers, since the experiments described here give no evidence for a 
non-specific sensitizing action of eserine or neostigmine, which was assumed by 
them. Feldberg and Vartiainen (1934) found that on the perfused superior 
cervical ganglion of the cat eserine greatly potentiated the response not only to 
injected Ach but also to nicotine, choline, or KCl. They attributed these effects 
to a non-specific sensitizing action of eserine. Banister, Hebb, and Konzett (1949) 
on the other hand showed that eserine had no potentiating effect on the action of 
KCI or NH,Cl on the denervated ganglion. It seems therefore possible that 
this non-specific effect of eserine on the innervated ganglion and also on other 
structures could be due to some accumulation of Ach in the presence of eserine. 

The apparent discrepancies between the work of Miquel (1946) on the one 
hand, and Bacq (1947) and Quilliam and Strong (1949) on the other hand, as 
to whether eserine increases or decreases the sensitivity of the rectus to Ach after 
inactivation of the cholinesterase, can now be discussed. With 100 y»g./ml. of 
eserine only a depressant action on the response of a TEPP-sensitized muscle 
to Ach was observed. With 2 mg./ml., however, an increase in response could 
be demonstrated on the lower part of the Ach range (Fig. 3). The mano- 
metric method of determination employed by Miquel is so insensitive that a 
discrimination between a complete inactivation of the cholinesterase and 80-90 
per cent inhibition is extremely uncertain. This fact could readily account for 
Miquel’s results as has been suggested also by Quilliam and Strong (1949). But 
it must also be remembered that the inactivation of cholinesterase by DFP at 
room temperature is partly reversible for several hours, as shown by Bullock, 
Grundfest, Nachmansohn, and Rothenberg (1947). 


Anticurare action of anticholinesterases 

The observations on the anticurare action of the carbamic esters and TEPP 
yield several points of interest. Firstly, with doses up to those which gave a 
maximum anticurare action there was good agreement between capacity to sen- 
sitize the muscle to Ach, and antagonism towards curare. Secondly, when the 
anticholinesterase effect was irrelevant, as when carbamylcholine or nicotine was 
used as the excitant, no anticurare action was produced by carbamic esters or 
TEPP. Thirdly, when the cholinesterase was first inactivated by TEPP the anti- 
curare effect of the carbamic esters completely disappeared and in higher con- 
centrations some additive effect with curare occurred. This last mentioned effect 
was not equal for all the carbamic esters but was seen especially with Nu 683 
and explains why this drug is relatively weak in its sensitizing capacity to Ach 
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(Fig. 2). It is interesting that Blaschko, Biilbring, and Chou (1949) found that 
for neostigmine and eserine a reasonably good correlation exists between in vitro 
inticholinesterase activity and anticurare action on the rat phrenic-nerve-diaphragm 
preparation. They further noted that Nu 683 and Nu 5130 were relatively less 
potent in their antagonism to curare if inhibition of true cholinesterase was taken 
for comparison ; but this difference was not significant. The experiments described 
in this paper suggest that the curariform action of Nu 683 might be responsible 
for such a peculiarity. But Nu 5130 was as powerful as neostigmine in its 
antagonism to curare on the rectus, and further experiments have shown that 
neostigmine and Nu 5130 are equipotent also in their antagonism to curare on 
the rat phrenic-nerve-diaphragm preparation. 

Lehmann (1946) described a curare-like action of neostigmine analogues on 
dog and cat muscle, but concluded that it was somewhat different from the action 
shown by curare itself. In our opinion it is difficult to draw such conclusions 
from experiments in the whole animal, since in the presence of higher concentrations 
of anticholinesterases not only will a curare-like action of these drugs be noticed 
but also the accumulation of Ach will produce some neuromuscular block. It 
is the advantage of the isolated rectus preparation that this second possibility is 
nearly completely ruled out. 

Eccles and MacFarlane (1949) examined the changes in endplate potential of 
the curarized frog sartorius muscle when various anticholinesterases were applied ; 
they found that with lower concentrations there was an increase in the height 
and duration of the endplate potential, but with higher concentrations the height 
of the endplate potential declined. This decline may in part be due to the 
mechanism described here, but it must also be borne in mind that with high 
concentrations of anticholinesterases some decrease in Ach output may occur, 
owing to blocking of conduction in the terminal nerve fibres. 

From these experiments it can be concluded that— 

(1) Carbamic esters, in low concentrations, sensitize the frog rectus muscle 
to Ach by inhibition of cholinesterase. 

(2) Neostigmine and eserine, in concentrations well above those necessary 
for sensitization to Ach, have a direct stimulating effect on the muscle. 

(3) The anticurare effect of these drugs is due solely to inhibition of cholin- 
esterase. 

(4) After complete inhibition of cholinesterase by TEPP, higher concentra- 
tions of the carbamic esters have a curare-like blocking action towards Ach. 


SUMMARY 


The actions of the carbamic esters, neostigmine, eserine, Nu 683, and Nu 5130 
have been studied on the isolated frog rectus abdominis muscle and were found 
to be as follows: 


1. Sensitization of the rectus response to Ach:—S5 pg. neostigmine/ml: gave 
the same degree of sensitization as 5 ng. TEPP/ml. This concentration of TEPP 
completely inhibited the cholinesterase in ground muscle. Nu 5130 was nearly 
_ as active as neostigmine, but eserine produced only about 60 per cent and Nu 683 
about 20 per cent of the sensitization produced by TEPP. 
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2. Direct stimulating action: —Neostigmine in a concentration of 25 ,»g./ml. 
and higher, and eserine in a concentration over | mg./ml., produced some con- 
tracture of the muscle which was unaffected by previous treatment of the muscle 
with TEPP; this stimulant action was antagonized by d-tubocurarine. Nu 683 
and Nu 5130 had no stimulating actions in concentrations up to 2 mg./ml. 


3. Blocking action against Ach: —Nu 683, Nu 5130, and eserine in concentra- 
tions below | mg./ml. decreased the response of fully sensitized muscle to Ach. 
Higher concentrations of eserine, or neostigmine above 25 »g./ml., which stimulated 
the muscle by themselves, had on the fully sensitized muscle some additive effect 
with lower concentrations of Ach, but depressed the response to higher concentrations 
of Ach. Similar results were obtained if, instead of Ach, other parasympatho- 
mimetic drugs or nicotine were used. The depressant actions of the carbamic 
esters were analogous to that of d-tubocurarine in that they did not antagonize 
the stimulant actions of KCl. 


4. Anticurare action: —Good agreement was shown between sensitizing effect 
and anticurare action of the carbamic esters and TEPP. On muscle fully sensitized 
by TEPP the carbamic esters no longer had an anticurare action, but their blocking 
effect on the response of the muscle to Ach could still be demonstrated. TEPP 
and the carbamic esters had no anticurare action when nicotine or other para- 
sympathomimetic drugs were used as muscle stimulants. 


I should like to thank Dr. C. A. Keele and Dr. A. S. V. Burgen for their 
encouragement during the course of this work, and especially for their help in pre- 
paration of the manuscript. I should further like to express my thanks to Dr. F. 
Bergel, of Roche Products, Ltd., for the generous supply of the carbamic esters Nu 
683 and Nu 5130. 
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ACTION OF d-TUBOCURARINE CHLORIDE ON THE 
CENTRAL NERVOUS SYSTEM OF THE CAT* 
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(Received November 21, 1949) 


Though the method of grouping drugs into classes according to their most 
conspicuous pharmacological effects is of value it has the disadvantage that actions 
of a drug that do not fit conveniently into the system of classification adopted 
tend to be ignored. For example it is common to classify drugs into those acting 
peripherally and those acting centrally; but in more than one instance a drug 
which was initially classified as peripherally active was later found to be centrally 
active as well, with the result that the accepted system of classification tended 
to prevent acceptance of the discrepant observations for long periods. This has 
happened with curare. The earliest studies of the drug (Brodie, 1811-12; De 
La Condamine, 1813 ; Humboldt, 1821; all cited by McIntyre, 1947) indicated 
that the drug had a central action; but the work of Claude Bernard (1857) so 
emphasized the peripheral action of the drug that it was classified as a peripherally 
acting agent which paralysed neuromuscular transmission. The central actions 
were generally overlooked in spite of the work of many investigators, e.g., Vulpian 
(1881); Tillie (1890, 1891); Joseph and Meltzer (1911-12); McGuigan (1916); 
Amantea (1921); Santesson (1920); Blume (1934): Stern and Rothlin (1918): 
and West (1937), who showed that curare or its derivatives had an excitant action 
on the central nervous system in the frog and mammals. The relevant literature 
is fully reviewed by McIntyre (1947) and Boehm (1920). Recently Euler and 
Wahlund (1941) found that generalized convulsions occurred in cats as a result 
of injecting small doses of d-tubocurarine intrathecally. Cohnberg (1946) reported 
that Intocostrin or crystalline d-tubocurarine chloride injected in sufficient doses 
subcutaneously into rats, mice, guinea-pigs, rabbits, and cats produced hyper- 
excitability and clonic convulsions (in addition to peripheral partial curarization). 
The blocking action of curare on synaptic transmission in sympathetic ganglia 
induced Eccles (1946) to investigate its action on the frog’s spinal cord, where he 
found that it had the reverse effect. Thus, soaking the spinal cord for 30 min. 
in a curare solution as weak as 6 x 10° molar increased the duration of the 
synaptic potential and the discharge of impulses set up by a single dorsal root 
volley. Larger concentrations of curare gave more striking effects, and finally 
a concentration of 150 x 10° molar set up sustained convulsant activity even 


*The work described in this paper formed part of a thesis by S. Salama which was accepted 
by the University of London for the Ph.D. degree. 
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in the absence of any stimulation. Eccles concluded that the central action of 


curare resembled that of strychnine. 
In the experiments to be described the action of d-tubocurarine chloride on 


various levels of the central nervous system was examined. 


METHODS 


Cats were used in all experiments. The following three types of preparation 
were used: 

(1) Animals anaesthetized with chloralose (0.06—-0.08 g. per kg. of body weight): 
the drug was applied directly to the central nervous system by one of three routes: 
(a) intrathecal, (>) intracisternal, and (c) into the lateral ventricle. 


(2) Decerebrate animals: a sharp sickle-shaped scalpel was introduced above the 
level of the tentorium cerebelli; the brain stem was cut across just above the level 
of the upper border of the pons. Intracisternal and intrathecal injections were 
carried out in these preparations. 

(3) High spinal animal: the spinal cord was divided in the animal deeply anaes- 
thetized with ether-chloroform, by introducing a sharp-pointed blunt-edged narrow 
instrument through the ligament between the occipital bone and the atlas vertebra. 
Respiration stopped and artificial respiration was immediately commenced. Immedi- 
ately after the decapitation the blood pressure may rise to 200-220 mm. Hg; this 
is attributed to initial stimulation by the transection of the descending fibres in the 
spinal cord arising from the vasomotor centre. The blood pressure, however, very 
soon falls to a final level of about 60 mm. Hg. In such a preparation intrathecal 
injection was the only method available for applying the drug directly to the central 
nervous system. 


Methods of injection 

Intraventricular injections were made by introducing a 20-gauge needle via a 
trephine hole into the lateral ventricle through the parietal cortex. Control saline 
injections proved to be inert, i.e., they did not modify in any way the reflexes, blood 
pressure, or respiration. 

Intracisternal injections were carried out by cisternal puncture with a 20-gauge 
needle. The volume of fluid injected was so small that it was sufficient to allow 
a few drops of cerebrospinal fluid to escape before each injection in order to prevent 
a rise of cerebrospinal fluid pressure. Control saline injections proved inert. 

Intrathecal injections were carried out by the method of Calma and Wright (1947a). 

Absorption of curare from the cerebrospinal fluid is so slow that even when large 
doses are injected intraventricularly, intracisternally, or intrathecally they do not 
produce any of the well-known peripheral actions of the drug—e.g., muscular paralysis. 

The reflexes studied were: the knee jerk, flexor reflex, crossed extensor reflex, and 
jar reflex. The methods employed were similar to those described in earlier papers 
from this laboratory (Calma and Wright, 1947a). 


RESULTS 
In most of the experiments cats anaesthetized with chloralose were used. 
There are no qualitative differences between the results obtained in such animals 
and in decerebrate cats. 
A solution of pure d-tubocurarine chloride has a pH of 7.3-7.4. When such 
a solution is applied, in doses of 0.1-0.2 mg./kg. to the central nervous system 
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of cats under chloralose anaesthesia, it produces a state of heightened reflex 
‘xcitability, followed by tonic and clonic movements which are apparently “ spon- 
‘aneous ” in character and will be so referred to, though they may, in fact, be 
oroduced reflexly by unrecognized afferent impulses which are constantly bzing 
et up. The central effects vary according to the route of administration and 
‘he region to which it has access. A description will first be given of the effects 
»roduced by d-tubocurarine chloride when injected intraventricularly and intra- 
cisternally. The somewhat different results of intrathecal injection are considered 
later. 














/-ffects produced by intraventricular and intracisternal injections of d-tubocurarine 





The results produced by intraventricular and intracisternal injections are indis- 
tinguishable except for certain eye changes. 


Somatic reflexes.—d-Tubocurarine chloride introduced intraventricularly rapidly 
raises the excitability of the spinal centres. Fig. 1 shows that less than one minute 
after such an injection (0.4 mg.) there was an increase in the knee jerk and in 
the flexor reflex. In other experiments the crossed extensor reflex, which had 
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1G. 1,—Cat, chloralose. Records from above downwards: knee jerk (right side); size of pupil; 
flexor reflex (left side); carotid blood pressure; signal line; time in min. First arrow, intra- 
ventricular injection of 0.3 c.c. saline. At the second arrow, intraventricular injection of 
0.4 mg. d-tubocurarine chloride dissolved in 0.2 c.c. saline. The second part of record was taken 
after an interval of 25 min. 
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initially been absent, made its appearance. In experiments in which the crossed 
extensor reflex was initially present, it was greatly potentiated. In less than 4 
minutes after the injection (Fig. 1) seemingly “spontaneous” movements and 
alterations in muscle tone took place. The “spontaneous” movements were 
usually preceded by quick “twitching” movements of the ears and of the facial 
muscles. Strong convulsive movements followed, first affecting the head, neck, 
and forelimbs, with subsequent spread to the hind limbs. The facial twitching 
generally appeared within one minute of the injection, and the spread of the 
“ spontaneous ” activity over the entire body usually occurred within 1—1.5 minutes. 
The “spontaneous” convulsive activities gradually gain in strength to such an 
extent that in many experiments the convulsive movements occurring in the 
quadriceps or tibialis anterior exceeded those reflexly elicited. The frequency of 
the convulsive movements varied a good deal and in marked cases they recurred 
every second. 

In some experiments the convulsions were not so marked, but there was a 
considerable sustained increase in the resting tone of the quadriceps. Under these 
conditions, reflex contraction of the contralateral quadriceps was sometimes 
observed occurring regularly in response to contralateral patellar stimulation. 
This is the “jar reflex’ described by Sherrington (1898) and shown by him not 
to be a contralateral reflex ; the tap on the patellar tendon by jarring the animal 
mechanically stimplates the contralateral quadriceps from which an ipsilateral 
reflex contraction is evoked. 

The state of hyperreflexia described above, including the “ convulsions,” persists 
for long periods, sometimes for more than an hour. In the experiment illus- 
trated by Fig. 1 the convulsions and increased reflexes were still at their peak 25 
minutes after the injection. The convulsions finally die down partly as a result of 
fatigue. 


Blood pressure.—Fig. 1 shows a typical response of the blood pressure to an 
intraventricular injection of d-tubocurarine chloride (0.4 mg.). There was an 
immediate, rapid, and large rise of blood pressure from 110 to 220 mm. Hg. 
There were considerable differences in the magnitude of the response in different 
experimental animals. The duration of the pressor response also varied in 
different cats and was usually longer with larger doses, up to a maximum dose 
of about 2 mg. The pressor effect always lasted for several minutes and not 
infrequently persisted for as long as 15 minutes, after which the blood pressure 
gradually declined to its initial level, which it usually attained within about an 
hour. 

Sometimes after 1-14 hours the blood pressure may decline by about 20 
mm. Hg below the pre-injection level; when this happened a second injection 
of 0.4 mg. of d-tubocurarine generally failed to produce a pressor effect. 

The changes in the blood pressure and in the spinal reflexes do not follow 
the same time course; thus in Fig. 1 the blood pressure had reached its peak 
level before the reflex effects had reached their maximum and when only slight 
“spontaneous” movement had appeared. After 25 minutes, when the spinal 
reflexes were still maximal and vigorous convulsions were still taking place, the 
blood pressure had fallen from the peak value of 220 mm. Hg to 185 mm. Hg. 
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The similarity of the effects of intraventricular and intracisternal injection of 
ibocurarine on the blood pressure and the knee jerk is well seen by comparing 
ie relevant records in Fig. | and Fig. 2. 
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In Fig. 2, however, more strikingly 


an in Fig. 1 there is at the peak of the blood pressure rise a considerable 


Respiration. — The 


effects on respiration 


oroduced by _ intra- 


cisternal injection of 


iubocurarine are well 
shown in Fig. 2. 
Within one minute of 
the injection, there was 
marked augmentation 
of respiration both in 
rate and depth. Some- 
times the increase in 
rate preceded that in 
depth; in other ex- 
periments the reverse 
happened. The onset 
of stimulation of res- 
piration and of blood 
pressure occurs at the 
same time ; both pre- 
cede the onset of the 
convulsions and there- 
fore cannot be the 
result of the convul- 
sions. The changes 
both in circulation and 
respiration are un- 
iffected by bilateral 
denervation of the 
carotid sinuses and 
section of both vagi. 

As the convulsions 
yecome more wide- 
pread and more vio- 
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-acrease in the rate of the heart and the development of marked cardiac irregularities. 
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Fic. 2.—Cat, chloralose. Records from above downwards : 


knee 


jerk (right side); respiration (inspiration upwards); carotid blood 
First arrow, intracisternal 


pressure; signal line; time in min. 
injection of 0.2 c.c. saline. 


At the second arrow, intracisternal 


injection of 0.4 mg. d-tubocurarine chloride, dissolved in 0.2 c.c. 


saline. 
second half of the record. 


There was an interval of five minutes between the first and 


‘nt, the respiratory muscles also become involved, with the result that breathing 
aovements become shallow, rapid, incoordinated, and therefore less effective. 
sreathing, however, generally remains adequate as shown by the normal bright 


‘ed colour of the blood in the arterial cannula. 


eturns to normal while the respiratory muscles are still convulsed. 
iad been present, the resulting stimulation of the vasomotor centres would 


wresumably have produced a sustained rise of blood pressure. 


Furthermore, the blood pressure 


If asphyxia 
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In some experiments, however, the breathing was more severely disturbed. 
Because of tonic contractions due to a central discharge, respiratory movements 
may cease for some time, with the chest wall fixed in the expiratory position. 
lf this expiratory spasm is unduly prolonged asphyxia develops, and, unless arti- 
ficial respiration is employed, the animal may die. Considerable positive pressure 
has to be used to inflate the lungs against the resistance imposed by the powerful 
contractions of the expiratory muscles. As the chest was not opened, no obser- 
vations were made on the state of the diaphragm. There have, however, been 
clinical reports of sustained expiratory spasm of the diaphragm in operations 
during which curare was used; such spasm was presumably of central origin, 
overcoming the peripheral neuromuscular paralysis. 


Eye changes.—As a rule, immediately after the intraventricular injection of 
tubocurarine, the pupils begin to increase gradually in size until maximal dilatation 
occurs. The lids are powerfully retracted and the eyeballs are fixed. The widely 
open staring eyes and fully dilated pupils resemble those of an animal in a state 
of rage. In some experiments, the initial dilatation of the pupil was not steadily 
maintained, but the pupils alternately contracted and dilated about once a minute. 
Finally, however, full steady pupil dilatation occurred and persisted (together with 
the other eye changes described) throughout the experiment—e.g., for periods of 
2-3 hours. 


Sometimes initial rapid blinking movements accompany the rapid twitching 
of the ears, but they cease when the sustained lid retraction develops. No con- 
vulsive movements of the eyeballs were ever noted and no squint developed. 
The eyeballs were always fixed in the central position, the gaze being directed 


straight ahead. 


The eye changes just described are, as stated, those which follow intraventricular 
injections. When the tubocurarine is injected intracisternally the eye changes 
may not appear at all or develop very slowly—e.g., after a latent period of 15 
minutes—and may not involve all the eye structures. The lid retraction occurred 
more commonly than did pupil dilatation. (On intrathecal injection, no eye 
changes take place.) 


Salivary, lacrimal, and bronchial secretions.—Salivation and excessive lacrimal 
secretion almost always followed intraventricular injections of d-tubocurarine. 
Moreover, bronchial secretion usually showed a considerable increase in volume, 
and in some of the early experiments animals died from blocking of the trachea 
with large quantities of mucus. It therefore became a routine procedure to clear 
the trachea every five minutes during the convulsions. 


Effects produced by intrathecal injection of d-tubocurarine 


The results of intrathecal injection, though in general similar to those of intra- 
ventricular and intracisternal injection, differ in important details. 

The fluid injected may mechanically stimulate the posterior nerve roots and 
produce various reflex effects as described by Calma and Wright (1947b). The 
drug primarily has access to the spinal cord centres only, but secondarily it flows 
upwards in the subarachnoid space and ultimately reaches supraspinal levels where 
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‘ will produce the same type of effect as that which results from intracisternal 
‘¢ intraventricular injection, though to a less extent because smaller concentrations 
f the drug reach these higher levels. As is explained later the results of intra- 
hecal injection are modified in the high spinal preparations or after blocking the 
ubarachnoid space at the level at Th. 6. In both of these experimental conditions 
he upward spread of the drug to the supraspinal levels is prevented. The main 
esults of intrathecal 
injections are as 
follows : —. 


Somatic reflexes.— 
\ slight enhancement K.J. 
of the knee jerk sets in wu 
after about the same t 
short latent period as 
by the other routes, 
but it is generally 
smaller in magnitude ; 
this enhancement may 
perhaps be partly 
produced reflexly as 
a result of mechanical 
stimulation of the 


posterior nerve roots. . j | 
The “ spontaneous = f iy@ 
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movements,” however, 


F “i 0-4mg.(0-2 cc.) 
Oo not appear untl TUBOCURARINE 
after a latent period of INTRATHECAL 


about 10 minutes (Fig. 
3 B). Marked “con- MINUTES 


\ ulsions ” like those . oo | lL l 1 1 1 1 i i j i l 1 l 1 l lL 1 l lL 
resulting from intra- Fic. 3.—Cat, chloralose. Records from above downwards : knee 
jerk (right side) ; respiration (up-stroke equals inspiration) ; carotid 
; rere blood pressure; signalline; time in min. First arrow, intrathecal 
cisternal injections do injection of 0.4 mg. d-tubocurarine chloride, dissolved in 0.2 c.c. 
not occur until about saline. There was an interval of five minutes between the first and 
20 minutes after the second records, and another interval of five minutes between the 
a ; second and third records. 
injection (Fig. 3 C). 


Respiration.—A slight increase in depth develops during the first 5 minutes ; 
ccasionally very deep breaths occur. After 10 minutes, the breathing is further 
ncreased in rate and also becomes deeper (Fig. 3 B); the respiratory movements 
ire modified by the concurrent convulsive movements of the respiratory muscles. 
After 20 minutes, when the convulsions had become severe and general, breathing 
was very deep and rapid (Fig. 3 C). 

Blood pressure.—-The immediate response of the blood pressure was a very 
slight rise, which was not maintained (Fig. 3 A). In view of the work of Calma 
and Wright (1947b), this small pressor effect might be the result of mechanical 
stimulation of the posterior nerve roots. Later, the blood pressure showed swinging 
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variations above and below its original level (Fig. 3 B). It is worthy of notice 
that during the convulsions that occurred later in the experiment the blood 
pressure was at about its original level (Fig. 3 C). 


Site of action of d-tubocurarine on central nervous system 


The differences between the results of intrathecal and intraventricular injections 
of tubocurarine are thus considerable. The time course of the events when tubo- 
curarine is injected intrathecally suggests that the drug produces most of its effects 
by an action on supraspinal centres. This view is supported by the following 
experiments. 


(1) When the effects of tubocurarine applied directly to the spinal cord by 
intrathecal injection are compared with those of intracisternal and intraventricular 
injection, it is found that with the former procedure equal doses produce smaller 
reflex effects after a somewhat longer latent period. 


(2) Experiments with spinal fluid block.—A ligature was tied tightly round 
the dura in the mid-thoracic region so as to occlude the subarachnoid space 
but without impairing nerve conduction in the spinal cord. When tubocurarine 
was injected intrathecally below the block, its action was limited to the distal 
part of the spinal cord. The latent period before the onset of increased reflex 
excitability was markedly longer (e.g., 1 hour instead of 15 minutes) and the 
minimal effective dose was about three times greater than when the injection 
was given with the subarachnoid space unobstructed (thus permitting the ascent 
of the drug to the supraspinal levels). Intraventricular injection of tubocurarine 
in this preparation produced the same heightening of reflex excitability in the 
distal cord as in animals with a subarachnoid space unoccluded. The time relations 
of the responses were also unaffected. It follows that the changes occurring in 
the hind limbs with intraventricular injections in preparations with a spinal fluid 
block must be due to impulses passing down from higher levels and cannot be 
due to a direct action of the drug on the hind limb centres of the spinal cord. 
These experiments were controlled by injecting methylene blue intraventricularly, 
and the experiment was regarded as satisfactory when no methylene blue was 
found in the lumbar theca. 


(3) Experiments with complete spinal block.—The ligature round the cord was 
tied very tightly so as to abolish transmission of all nervous impulses up and 
down the spinal cord as well as to block the flow of cerebrospinal fluid. The 
tubocurarine solution was injected intrathecally below the level of the block. 
Under these conditions, the knee jerk (and other somatic reflexes) showed no 
change during the first hour, during which period three doses (3 = 0.4 mg.) were 
injected intrathecally; 0.4 mg. would have produced marked and immediate 
changes had it been injected intraventricularly. During this period «also, there 
were no changes in the circulation, respiration, or the eyes. Subsequently the 
knee jerk increased and “convulsive” movements (limited to the hind limbs) 
became vigorous. It is noteworthy that such convulsions produced no changes 
in respiration or blood pressure. 
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(4) In some experiments after complete spinal transection had been carried 
out at the level of T.6, as described in (2), intraventricular injections of tubo- 
curarine were made repeatedly ; typical changes were produced above the level 
of the transection, but no changes whatsoever occurred in the somatic reflexes 
below the level of the section. These results show that intraventricularly injected 
‘ubocurarine is not absorbed into the circulation in sufficient amounts to affect 
the reflex excitability of the isolated region of the spinal cord. 


Action of commercial solutions 

In preliminary experiments a commercial solution of d-tubocurarine chloride 
(Burroughs Wellcome) was used. This solution contained, in addition to the 
tubocurarine, chlorocresol (as a preservative) and potassium metabisulphite ; the 
pH was about 3.5. Some experiments were carried out to determine the central 
actions of these constituents of the commercial solution. 


Action of chlorocresol—The commercial tubocurarine solution used contained 
0.1 per cent of chlorocresol ; the effects of an intrathecal injection of 0.1 c.c. of 
such a solution were studied. The knee jerk showed, after a latent period of 4.5 
minutes, a brief enhancement followed by a gradual decline; after 10 minutes 
the knee jerk was one-fifth of the original value. The flexor reflex was unchanged. 
The blood pressure (initial level 70 mm. Hg) showed an initial brief sharp rise 
which was followed by a slower decline to the pre-injection level and then by a 
secondary more gradual but prolonged rise of blood pressure which reached a 
maximum of 220 mm. Hg in 10 minutes. The pressure then fell very slowly, 
regaining its original level after more than 40 minutes. Respiration was unchanged. 


Action of potassium metabisulphite and pH of the solution—The commercial 
solution used contained potassium metabisulphite in a concentration which has 
not been disclosed by the manufacturers. However, a 1.0% solution of potassium 
metabisulphite has a pH value of about 3.5, which is approximately the pH of the 
commercial solution employed. In doses of 1 mg. intrathecally injected potassium 
metabisulphite raises the blood pressure but depresses the reflex excitability of 
the spinal cord. 


DISCUSSION 


The experiments recorded above prove that d-tubocurarine chloride has a 
direct. and striking excitatory action on the central nervous system. The changes 
in the reflex responses described and the “convulsions” that supervene are not 
due to associated alterations in the circulation or respiration. The peripheral 
action of curare on skeletal muscle is to produce paralysis ; therefore, any changes 
in the peripheral responses of the muscles, if they took place at all, would tend 
to mask any central stimulating action that occurred. But as was mentioned 
on page 50 in none of the experiments in which tubocurarine was injected intra- 
ventricularly, intracisternally, or intrathecally was the response of the nerve muscle 
preparation depressed, indicating that the amount of tubocurarine absorbed into 
the circulation was negligibly small. 
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Action on reflex excitability—The experiments described above indicate that 
tubocurarine enhances reflex excitability and produces “convulsions” in the cat 
mainly by an action on supraspinal centres and only to a less extent by an action 
on the spinal cord itself. 


The reason for the greater sensitivity to curare of the supraspinal levels must 
be considered. As tubocurarine has no action on nerve fibres, its central effects 
must be due to an action on the grey matter. When intrathecal, intracisternal, 
or intraventricular injections are used, the drug can only begin to produce its 
effects after it has penetrated any intervening white fibres to reach the deeper 
nerve cells. The white columns of the spinal cord might constitute a considerable 
barrier between the drug present in the theca and the grey horns. When the drug 
is injected intracisternally, it doubtless rapidly enters the fourth ventricle. As 
will be explained later, the centres in the brain stem which are acted on by the 
drug are probably the cells of the reticular formation of the midbrain, pons, 
and medulla ; these, too, are situated fairly deeply, and the drug might be expected 
to encounter the same difficulty as in the spinal cord in penetrating to them. 
When the drug is injected intraventricularly, it might be expected to reach the 
grey matter of the thalamus and hypothalamus more readily. But there is no 
significant difference in the latent period and sensitivity of the response when 
the effects of intracisternal and intraventricular injections are compared in the 
whole animal or when the results of intracisternal injection are compared in the 
whole animal and in the decerebrate animal. The conclusion may be tentatively 
drawn that the supraspinal levels have a higher sensitivity to the action of 
tubocurarine. 


The intimate nature of the central excitatory action of tubocurarine must now 
be considered. The known peripheral actions of tubocurarine are predominantly 
of an inhibitory or paralysing character: thus tubocurarine blocks both neuro- 
muscular and ganglionic transmission. The excitatory action of tubocurarine on 
the spinal centres might therefore be attributed to depression of supraspinal 
inhibitory centres. It is known that a mid-collicular transection cuts off both 
facilitatory and inhibitory fibres arising from higher levels; as decerebrate rigidity 
results from such a transection higher inhibitory influences must have been cut 
off to a greater extent than excitatory. One must suppose that the supraspinal 
centres which are left intact in the decerebrate animal are predominantly excitatory 
in action. If tubocurarine acted by depressing inhibitory centres, one would expect 
its excitatory action in the decerebrate animal to be less marked than in the intact 
animal because in the former fewer inhibitory centres are present to be depressed ; 
this is not the case, however. On the whole, it seems more probable that tubo- 
curarine either stimulates the supraspinal centres indiscriminately, with the action 
of facilitatory centres predominating, or that it stimulates selectively the facilitaiory 
centres. The fact that tubocurarine enhances the reflex excitability of the distal 
part of the transected cord and stimulates respiration and circulation points strongly 
in favour of a direct stimulating action of tubocurarine on cells in the central 
nervous system. The problem, however, could only be solved by introducing 
tubocurarine directly into different regions of the grey matter and studying the 
effects which are produced. 
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Action on respiration —The stimulation of respiration produced by tubocura- 
rine is probably due to direct stimulation of the respiratory centre. The effect 
is absent after intrathecal injection if the subarachnoid space is blocked ; it is 
thus not reflexly produced by stimulation of dorsal nerve roots. It is not due 
to the increased muscular activity or blood pressure changes, as the effects on 
respiration are unrelated to alterations in these other systems. It is not reflexly 
produced from the chemoreceptors, as it occurs after denervation of the carotid 
sinus areas and section of the two vagi. It is not due solely to stimulation of 
the respiratory centre from higher centres, as the effects are also observed in the 
decerebrate preparation. 

As already mentioned, tonic spasm of the respiratory muscles may occur, 
usually in the phase of expiration. This disturbance may possibly be due to 
the drug acting unequally on different parts of the respiratory centre, perhaps 
stimulating the expiratory centre more markedly than the inspiratory. 

When large doses of tubocurarine were injected, respiration ceased. There 
are reasons for supposing that this effect is also probably of central origin ; thus 
neuromuscular excitability is unaffected. Generally when respiration stopped the 
generalized convulsions (and the high blood pressure) persisted for a long period 
if artificial respiration was employed. Thus with increasing dosage tubocurarine 
first stimulates, then disorganizes, and finally paralyses the respiratory centre. 
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Action on vasomotor centre.—The rise of blood pressure produced by intra- 
ventricular and intracisternal injections of tubocurarine is probably due to a direct 
action on the vasomotor centre. This rise of blood pressure is not affected by 
double vagotomy and denervation of both carotid sinuses; it is not related to 
changes in respiration, and in fact it often sets in before respiration is affected 
at all. It occurs before the onset of “convulsions,” indicating that it is not 
due to increased muscular activity. The marked rise of blood pressure does 
not occur after intrathecal injection with the spinal cord blocked at T.6, even 
if “ convulsions ” take place. 

Intrathecal injections produce an initial small rise of blood pressure, which 
may partly be produced reflexly by mechanical stimulation of the dorsal nerve 
roots by the injected fluid (Calma and Wright, 1947b). 

Occasionally, towards the end of an experiment, a fall of blood pressure sets 
in, or the blood pressure fails to rise on giving further injections of curare. This 
phenomenon might be due to the effects of hyperventilation or to a paralysis of 
the vasoconstrictor centre or to both factors. 















Action on heart rate.—-The rise of blood pressure is accompanied by increased 
heart rate and the development of cardiac irregularities (Fig. 2). The tachycardia 
is not abolished by double vagotomy or carotid sinus denervation, indicating that 
tubocurarine directly stimulates the cardio-accelerator centre. 






Action on the eye.—The changes in the eye described on page 54 are probably 
due to stimulation of appropriate centres by tubocurarine. The pupils begin to 
dilate immediately after intraventricular injection of small doses of tubocurarine 
which have no peripheral action on the eye. This mydriasis is thus not due to 
peripheral “oculomotor weakening” as suggested by Zelenski (1862), or to 
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asphyxia. There is no evidence that the mydriasis is due to changes in the 
tension of the blood gases or in the blood pressure or respiration. It does not 
occur at all after intrathecal injection with the subarachnoid space blocked ; it 
does occur if the subarachnoid space is free but then only after a very long 
latent period (about 20 min.), during which time the drug presumably has travelled 
up to the brain, as evidenced by the onset of violent convulsions. These last 
observations also prove that the mydriasis is not reflexly produced by mechanical 
stimulation of the posterior nerve roots. The centre in the brain which is acted 
on by tubocurarine is probably the pupillodilator centre in the superior colliculus. 
In support of this localization is the fact that, when tubocurarine is intracisternally 
injected in preparations with the brain stem transected at the mid-collicular level, 
pupillary dilatation is rarely seen, presumably owing to the ablation of the 
superior colliculus. 

Reference was made on page 54 to the fact that after a tubocurarine injection 
the pupil may alternately constrict and dilate; such changes may be attributed 
to simultaneous stimulation of the pupilloconstrictor and pupillodilator centres 
in the superior colliculus, one or other centre being prepotent at any moment, 
and not to a peripheral action as suggested by McIntyre (1947). 

In the decerebrate preparation, however, intracisternal tubocurarine still pro- 
duces blinking, accompanied by twitching of the facial muscles and ultimately 
retraction of the eye-lids as described on page 54. These changes may be due to 
stimulation of the facial nucleus which lies below the level of the transection. 


Action on salivary, lacrimal, and bronchial glands and bronchial muscle. 
McIntyre (1947) concluded that the salivation which follows rapid intravenous 
injections of tubocurarine into anaesthetized dogs is central in origin. The results 
in the experiments described above support this deduction. Moreover, centrally 
injected tubocurarine also stimulates the lacrimal and the bronchial secretions. 

West (1937) reported that curarine, before inducing generalized paralysis in dogs, 
sometimes caused an initial phase of slow stertorous breathing with inspiratory 
difficulty which he attributed to bronchial spasm. He did not consider whether 
the effects were produced centrally or peripherally. The evidence recorded above, 
however, shows that this bronchial spasm is central in origin. 


SUMMARY 

1. The action of d-tubocurarine chloride on the central nervous system was 
studied by intraventricular, intracisternal, and intrathecal injections in cats under 
chloralose anaesthesia and in the decerebrate preparation. 

2. d-Tubocurarine chloride, directly applied to the central nervous system of 
cat under chloralose anaesthesia or decerebrated, has an excitatory action. Small 
doses introduced intraventricularly or intracisternally directly excite the vasomotor, 
the respiratory, the cardiac, and the other autonomic centres, especially those inner- 
vating the salivary glands and the bronchi. They produce heightened reflex 
excitability of the spinal cord and later generalized convulsions. The effects on the 
spinal cord are due only to a minor extent to a direct action on the spinal centres ; 
they are mainly the result of stimulation of the cells of origin of the facilitatory 
pathways in the brain. 
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3. d-Tubocurarine chloride injected intracisternally or intraventricularly pro- 
duces complex changes in the eyes and muscles of the head owing to an action on 
centres in the midbrain and pons. 
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In the course of a recent investigation of the metabolism of the filarial worm, 
Litomosoides carinii, it was found that under anaerobic conditions this organism 
converts 80 per cent of the total carbohydrate utilized to /-( + )-lactic acid (Bueding, 
1949). Aerobically only 30 to 45 per cent of the metabolized glucose can be 
accounted for by the production of lactic acid. When the respiration of these 
filariae was inhibited by low concentrations of cyanine dyes, a compensatory 
increase in the production of lactic acid from glucose occurred. In view of 
these observations, it appeared of interest to compare the metabolic characteristics 
of L. carinii with those of another tissue nematode, Dracunculus insignis (Leidy, 
1858), which has been described in detail recently by Chandler (1942). 


EXPERIMENTAL 


The worms were dissected from the subcutaneous tissue of the hind and forelegs 
of infested racoons (Procyon lotor lotor)+ and were placed in the basic filarial medium 
described previously (Bueding, 1949). The initial glucose concentration of the medium 
was 0.0045 m. After several washings in this medium, the worms were blotted with 
No. 50 Whatman filter-paper, weighed on a torsion balance, and transferred to Warburg | 
micro-respirometer vessels. Seven to eleven mg. of worms were placed into 0.8 ml. 
of medium contained in each vessel. Incubation was carried out at 37.5° C. for two 
hours. The oxygen uptake and rates of glucose utilization and lactic acid production 
were measured by the same methods as those used in the study of the metabolism 
of L. carinii (Bueding, 1949). 


RESULTS 





The results of two typical experiments are recorded in Table I. They can | 
be summarized as follows: The rates of glucose utilization and lactic acid pro- 


* This investigation was supported by a research grant from the Division of Research 
Grents and Fellowships of the National Institutes of Health, U.S. Public Health Service. 
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Co., Sarasota, Florida, for a gift of these animals. We are also indebted to Dr. Emmet W. 
Price, Zoological Division, U.S. Bureau of Animal Industry, Bethesda, Maryland, for estab- 
lishing the identity of the nematodes with that of Dracunculus insignis. 
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TABLE I 
OXYGEN UPTAKE AND RATE OF GLYCOLYSIS OF THE TISSUE NEMATODE, Dracunculus insignis 











| | 

| Molar concentration + 
Experiment | Atmosphere | of coanine dpa” | Qo, Qct | Q:§ 
a Ss et ae | 065 | 246 | 308 
ee | san z. | ae. 
| * Nitrogen | — | -- | 243 | 29.9 

Ee ee es ees ee ee —_ : ae 
2 | Air | Pil | 0.52 21.6 | 24.3 
re 5.2 10-7 0.09 22.2 | 24.7 





*[1-amyl-2 : 5-dimethylpyrrol-(3)]—[I : 6-dimethylquinoline-(2)]-dimethine cyanine chloride. t ul. oxygen taken u_ per mg. 
(wet weight) per hour. t ug. glucose removed per mg. (wet weight) per hour. § xg. lactic acid formed per mg. (wet 
weight) per hour. 
duction were found to be approximately the same under aerobic and anaerobic 
conditions. Low concentrations (1 : 5,000,000) of a cyanine dye inhibited markedly 
the respiration of the worms, but did not affect their rate of glycolysis. Since 
lactic acid production was greater than could be accounted for by the removal 
of glucose from the medium, the organisms must have formed lactic acid from 
endogenous sources as well as from glucose available in the medium. The rate 
of respiration of D. insignis was about three to four times lower than that of 

L. carinii. 
DISCUSSION 

As with L. carinii, the main end-product of the anaerobic carbohydrate meta- 
bolism of D. insignis appears to be lactic acid, and the respiration of both worms 
is strongly inhibited by a cyanine dye. However, whereas anaerobiosis and 
inhibition of the oxygen uptake by cyanine dyes resulted in a compensatory 
increase in the rate of glycolysis of L. carinii, glucose utilization and lactic acid 
production of D. insignis were not affected by the presence or absence of respiratory 
metabolism. In this respect, the carbohydrate metabolism of D. insignis is identical 
with that of Schistosoma mansoni, but differs basically from that of L. carinii. 
In contrast to the latter organism, inhibition by cyanine dyes of the respiratory 
metabolism of S. mansoni does not result in the death of the trematodes or in 
a compensatory increase in their rate of glycolysis (Bueding, Peters, and Welch, 
1947 ; Bueding and Oliver-Gonzalez, 1948). Therefore, S. mansoni requires little 
or no oxidative metabolism for survival. Possibly the same is true for the tissue 
nematode, D. insignis. It is conceivable that the physiological characteristics of 
another tissue nematode, Wuchereria bancrofti, are similar to those of D. insignis 
and of S. mansoni, and that they differ in this respect from those of L. carinii, 
in which inhibition of the respiratory metabolism by the cyanines is followed 
by the death of the worms. Such differences could adequately explain why a 
cyanine dye possessing high chemotherapeutic activity against L. carinii (Peters 
et al., 1949) had no effect in the treatment of human filariasis produced by W. 
hancrofti (Santiago-Stevenson ef all.). 

The metabolic differences between the two closely related tissue nematodes, 
L. carinii and D. insignis, on one hand, and the biochemical similarities between 
the latter nematode and the trematode, §. mansoni, on the other, indicate that 
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among parasitic invertebrates two morphologically related organisms do not 
necessarily have the same metabolic characteristics and, consequently, may not 
be sensitive to the same type of chemotherapeutic agents. 


SUMMARY 


In contrast to the filarial worm, Litomosoides carinii, respiratory metabolism 
of Dracunculus insignis has no effect on its rate of glycolysis. The significance 
of this metabolic difference is discussed. 
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A number of more or less complicated chemical compounds are known to 
produce, on intravenous injection, a reflex fall of blood pressure and heart rate by 
an action on nerve-endings in the heart (the Bezold reflex). These include the 
veratrum alkaloids (von Bezold and Hirt, 1867 ; Jarisch and Richter, 1939 ; Krayer 
and Acheson, 1946 ; Dawes, 1947), an extract of mistletoe (Jarisch, 1941 ; Job, 1943), 
and adenosine triphosphate (Emmelin and Feldberg, 1948). In addition Dawes and 
Feldberg (1949) have shown that horse serum elicits a similar reflex in the cat, and 
that this is in part responsible for the “ Brodie phenomenon ” (Brodie, 1900), the 
name given to the consequent fall of blood pressure and heart rate. 

In the course of an investigation of various substances which cause a fall of 
blood pressure by the liberation of histamine (MacIntosh and Paton, 1949), Dr. W. 
Paton observed that certain diguanides had an action superficially resembling that 
of the veratrum alkaloids, in that the fall of blood pressure and heart rate was 
abolished by cutting the vagi. He very kindly sent us eight of these substances, 
which had been prepared by Dr. H. King, with the suggestion that they might also 
cause the Bezold reflex. This was the starting point for the investigations described 
in the following paper. 

METHODS 

The majority of the experiments were performed on cats under chloralose or pento- 
barbitone (nembutal) anaesthesia ; a few rabbits under urethane anaesthesia were also 
used. For the localization of the site of action two preparations were used which have 
been described in a previous paper (Dawes, 1947). In order to facilitate injection into 
one of the main coronary arteries, this was connected to one carotid by a rubber tube 
and cannula introduced through the left subclavian artery, and passed down the ascend- 
ing aorta into the coronary orifice ; the cat was given heparin to prevent clotting. For 
injection into the right or left ventricles while normal respiration was maintained, the 
heart was “ exteriorized ” by an incision betweeen two ribs on the left side of the chest, 
ind the pleura reconstituted by sewing the pericardium to the edges of the wound. 
Respiration was recorded by a modification of Gaddum’s method (1941). 


RESULTS 


The simplest of the eight compounds with which the investigation started was 
‘henyldiguanide hydrochloride. 
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Forty-two related substances have since been investigated, and their activity ha: 
been compared with that of phenyldiguanide, which was adopted as a standard 
The twenty-four compounds which were inactive, or had very little activity, were 
not studied in detail, and the subsequent description of the properties of this grour 
of substances applies, therefore, only to those compounds (Table 1), closely related 
to phenyldiguanide, which possess considerable activity in causing a fall of blood 
pressure and heart rate on intravenous injection. 


Examples of the fall of blood pressure and heart rate caused by the injection oi 
phenyldiguanide and o-chlorophenyldiguanide into cats can be seen in Figs. 1, 2, 4, 
and 5. The fall is very sudden and even startling ; at times indeed it seemed doubt- 


ful if the circulation would recover. 


Yet it did recover, even though the heart rate 


for a few beats might be reduced to one-quarter or less of the initial rate, and though 
the blood pressure fell to 30 mm. of mercury (Fig. 1). The depressor response did 
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Fic. 1.—Cat, 2.6 kg.;  chloralose 
anaesthesia. Above, respiration; 
below, blood pressure. At each 
arrow 100 yg. phenyldiguanide 
was injected into the jugular vein. 


not usually last more than a minute, often con- 
siderably less. It could be obtained repeatedly 
in the majority of animals, even at frequent 
intervals over a period of hours; it was there- 
fore possible to estimate the relative activity of 
a number of such substances. In this respect 
phenyldiguanide differs from the veratrum alka- 
loids, repeated injections of which lead to a 
total failure of the response. Occasionally an 
animal was encountered which showed this 
phenomenon with phenyldiguanide, but to a 
much smaller degree. 


In some animals the fall of blood pressure 
and heart rate caused by the injection of 
phenyldiguanide or its analogues was accom- 
panied by little or no change in respiration 
(Fig. 1); in others there was slowing or an 
abrupt cessation of respiration (Fig. 2). But in 
all animals inhibition of respiration was seen 
when the dose was increased. It has even been 
observed in cats in which there was little or no 
change of blood pressure or heart rate. The 
change in respiration is therefore independent 
of the change in the circulation, nor is it likely 
to originate from a chemical or physico-chemica! 
action on the same structure. Yet both circu- 
latory and respiratory effects are abolished by 
cutting the vagi in the cat. 


In the rabbit phenyldiguanide also causes a fall of blood pressure and heart rate. 
accompanied by an inhibition of respiration. The fall of heart rate and the inhibi- 
tion of respiration are abolished by cutting the vagi, but the fall of blood pressure 


though commonly reduced, does not usually disappear altogether. 
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Before discussing the circulatory and respiratory responses in more detail there 
; one further variable which must be described. At the outset we were anxious 
.o obtain a rough estimate of the minimal effective dose of phenyldiguanide neces- 
ary to cause a fall of blood pressure and heart rate, for comparison with veratridine. 
rhis was finally estimated to be about 10 »g./kg. in the cat, though exceptionally a 
at would respond to as little as 5 wg./kg. ; only 1-2 »g./kg. veratridine were required 
io produce a similar response. There were, however, a few cats which did not 
\ppear to respond at all, even to an injection of 500 wg. phenyldiguanide. These 
cats were apparently healthy and in good condition. It was also noticed that even 
in those cats in which phenyldiguanide or its analogues did cause a large fall of 
blood pressure and heart rate at the beginning of the experiment, after an hour or 
two the responses became larger and more regular in size and duration. Hitherto 
we had used for anaesthesia an ethyl-chloride—ether induction, followed by chlora- 
lose 0.08 g./kg. or pentobarbitone 25 mg./kg. intravenously. We had the impres- 
sion, largely derived from previous work with veratridine, that of these two anaes- 
thetics chloralose was preferable, since the initial blood pressure was higher, the 
falls were larger, and there was no need to give an additional dose of anaesthetic 
for six hours or more, indeed for the entire duration of the experiment. But since 
it appeared possible that the anaesthetic might influence the response to a greater 
extent than hitherto supposed, we reduced the quantity of chloralose to 0.06 g./kg. 
This led to much better results. Although the responses still tended to increase 
during the first hour of anaesthesia, from that time we encountered no animal which 
failed altogether to respond during the first hour, and the animals were maintained 
under efficient anaesthesia for five hours or more. The effect of a small dose of 
pentobarbitone on the reflexes is illustrated in Fig. 2. In the experiment from which 
this tracing is taken, 
the cat, weighing 
3.8 kg., had been 
anaesthetized with 
chloralose (0.06 g./ 
kg.) and a number 
of equal responses 
to 100 ng. o-chloro- 
phenyldig uanide 
obtained, of which 
only the last one 
is shown, at 12.35 
p.m. Between this 
and the next injec- 
tion, at 12.40, a 
dose of 3 mg. pen- FE TI TS 
tobarbitone per kg. . —_ _ 
was administered 
intravenously (this Fic. 2.—Cat, 3.8 kg.; chloralose anaesthesia, 60 mg./kg. Above, 

respiration; below, blood pressure. At each signal mark 100 yg. 


would correspond o-chlorophenyldiguanide was injected intravenously. Between 12.35 
‘o barely one-eighth and 12.40 p.m., a dose of pentobarbitone (3 mg./kg.) was injected. 
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of the normal intravenous anaesthetic dose). Both cardiovascular and respiratory 
reflexes were totally abolished, although the effect of the barbiturate on blooc 
pressure and respiration was barely perceptible. After fifteen minutes the refle» 
responses could be elicited again, though full recovery took nearly an hour. (The 
large respiratory variation in blood pressure in this animal was spontaneous, and 
is not attributable to the resistance of the respiratory valves.) This susceptibility 
to anaesthetics will explain our earlier failures to obtain the reflexes in some animals 


The circulatory reflex from the heart 

If 100 »g. phenyldiguanide or one of its analogues is injected with a fine needle 
directly into the cavities of the right or left ventricle of a cat with its chest opened 
and artificially respired, the fall of blood pressure and heart rate begins with 
dramatic suddenness after a latent period of from 2-5 seconds. But the reflex is 
not obtained when the injection is made into the aorta. It therefore seems highly 
probable that it is, in part at least, due to an action on structures within the area 
of distribution of the coronary arteries. That this is so can be seen from experi- 
ments of which Fig. 3 is an illustration. An injection of 10 ug. p-methyl-pheny]l- 
diguanide into the cavity of 
the right atrium had no 
action on blood pressure or 
heart rate. When the same 
dose was injected into the 
left coronary artery (per- 
fused from the left carotid) 
the typical fall of blood 
pressure and heart rate was 
observed. Similar observa- 
tions have been made with 


Fic. 3.—Cat, 2.9 kg.; chloralose anaesthesia; chest opened phenyldiguanide and a num- 
along the midline, artificial respiration; left coronary ber of the other more active 
artery connected to the left carotid by a cannula and ia ? 
rubber tube as described elsewhere. Record of the blood COmpounds, and there can 


pressure. At A 10 ug. p-methyl-phenyldiguanide was be little doubt that they all 
injected into the cavity of the right atrium; at Bthe same —s Gaye a fall of blood pres- 


quantity was injected into the left coronary artery. - 
sure and heart rate, in part 


at least, by the “ Bezold reflex.” It will be recollected that, as with the veratrum 
alkaloids and adenosine triphosphate, the response is abolished by cutting the 
vagi, which must therefore contain the afferent nerve fibres. 





The circulatory reflex from the lungs 


If veratridine is injected alternately into the cavities of the right and left ventricles 
of a cat, the response observed after injection into the right ventricle is always 
considerably smaller, and has a longer latent period (about 8 seconds) than on 
injection into the left ventricle (2.5-4.0 seconds). From this it has been deduced 
that, though there are receptors in the lungs of the dog which can be stimulated by 
veratridine to cause a fall of blood pressure and heart rate, they are either absent 
or of very little importance in the cat. With phenyldiguanide and its homologues, 
however, the findings are altogether different. If a cat is prepared with an open 
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horax, under artificial respiration, and with cannulae tied into the two atrial append- 
ses, it is relatively easy to make repeated injections at nearly the same speed into 
ither atrium. In such experiments, an illustration of which is to be seen in the 
ipper part of Fig. 4, not only is the latent period between injection into either atrium 





Fic. 4.—Cat, 2.4 kg.; chloralose anaesthesia; chest opened along the midline, artificial respiration ; 
cannulae for injection tied into both atrial appendages. Record of the blood pressure. At 
each signal 100 ug. phenyldiguanide was injected into the atria as indicated. Between the 
upper and lower parts of the tracing all accessible nerve fibres running in the atrio-ventricular 
grooves were divided. 


and the fall of blood pressure or heart rate approximately the same (3 seconds), 
but the response is usually greater, and often considerably greater on injection into 
the right atrium. A similar result is obtained when phenyldiguanide is injected 
by a fine needle directly into the pulmonary artery. This can only mean that there 
must be receptors in the lungs which are sensitive to phenyldiguanide, as well as 
those in the heart. 

It seemed very likely that the afferent fibres from the lungs would run along the 
pulmonary veins and join the vagi at a different level from the afferent fibres from 
the heart. So it should be possible to cut one group of fibres and leave the other 
intact. Preliminary attempts to achieve this result by stripping out all the nerves 
and ganglia betweeen the pulmonary artery and the arch of the aorta, and the nerves 
running along the first cm. of the left coronary artery, were unsuccessful. But a 
certain degree of success was achieved when the epicardium and nerves running in 
or athwart the atrio-ventricular grooves (in which the coronary arteries lie) were 
divided. Between the upper and lower parts of Fig. 4 this dissection was performed, 
and it can be seen that while the effect of injecting 100 ug. phenyldiguanide into 
the left atrium (reflex from heart only) was virtually abolished, the effect of injection 
into the right atrium (reflexes from heart and lungs) was only reduced. This experi- 
ment provides additional support for the view that a considerable proportion of the 
depressor response caused by phenyldiguanide comes from reflexes, the receptors 
for which are in the lungs. 

In the experiment illustrated, it would appear, if the relative effects of injection 
into the left atrium before division of the nerves and into the right atrium after 
their division are compared, that the heart and lung receptors contributed very 
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roughly half each to the total response. This would agree well with the rough 
conclusions drawn from a comparison of the proportionate effects of injecting 
veratridine and phenyldiguanide into right and left atria. 


The respiratory reflex 

Veratridine has been shown to cause a slowing or transitory stoppage of respira- 
tion by a reflex originating from the lungs (Dawes, 1947). It seemed possible that 
the inhibition of respiration caused by phenyldiguanide might originate in the same 
way. It was found that while injection into the cavity of the right ventricle or 
pulmonary artery of the “exteriorized heart” caused an immediate inhibition of 
respiration, a similar injection into the left ventricle had little or no action (Fig. 5). 
The respiratory response usually began slightly 
earlier than the cardiovascular, and the Figure 
shows once again the greater cardiovascular 
response on injection into the right side of the 
heart. 


Other actions of phenyldiguanide 


An intravenous injection of 50-100 »g. phenyl- 
diguanide usually causes a considerable fall of 
blood pressure and heart rate in a cat, and some 
depression of respiration. If the vagi are cut this 
dose has no cardiovascular or respiratory action, 
and it is not until a dose some 20-40 times larger 
is injected that any further action on the circulation 
is observed ; 2-5 mg. phenyldiguanide injected into 
a cat under chloralose anaesthesia with the vagi 
cut causes a rise of blood pressure, and in the 
spinal cat this rise may be as much as 80 mm. 
of mercury, lasting a few minutes. Subsequent 
fy 6 injections are less and less effective. These 
Saar aa responses are reminiscent of those observed with 

; sO many amines, amidines, and isothioureas in large 
doses and do not call for any special comment. 

In the rabbit it has been observed that a small 
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Fic. 5.—Cat, 3.8 kg.; chloralose 
anaesthesia ; heart ** exteriorized ” 


as described elsewhere, natural 
respiration. Records: above of 
the respiration, below of the blood 
pressure. At each signal 100 yg. 
o-chlorophenyldiguanide was in- 
jected into the cavities indicated 
by a fine needle. 


dose of phenyldiguanide may cause a reduced fall 
of blood pressure even after the vagi are cut. In 
part this may be due to a direct action on the 
heart ; the force of contraction of the Langendorff 
preparation of the rabbit’s heart is reduced by the 
injection of 200 ug. or more of phenyldiguanide 
(it may be remarked that this represents a very 

Similar observations have also been made on 





high concentration of the drug). 
the isolated auricle of the rabbit. The Langendorff preparation of the cat’s 
heart is somewhat less sensitive to phenyldiguanide. This may be a partial 
explanation of the difference in the effect of vagotomy in the rabbit and cat, 
but there are other possibilities which have not yet been investigated (relatively 
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reater vasodilatation in the rabbit either directly or perhaps by liberation of 
\istamine). 

These observations call attention to the specificity of phenyldiguanide and its 
ctive homologues in exciting these particular cardiovascular and respiratory 
-eflexes. Since in the cat injection into the arch of the aorta failed to cause a change 
ff blood pressure, heart rate, or respiration in doses of 100 yg. or more, it was 
improbable that the carotid sinus, carotid body, or medullary centres were susceptible 
io any considerable extent. An attempt to excite these structures by injecting retro- 
srade from. the lingual artery, with or without occlusion of the cephalic end of the 
external carotid, was unsuccessful. 

Phenyldiguanide also had no considerable action on either neuromuscular or 
ganglionic transmission. The contractions of the gastrocnemius of a cat under 
chloralose anaesthesia were recorded during stimulation of the sciatic nerve by 
square current pulses of short duration ; the injection of up to 2 mg. phenyldiguanide 
via the external iliac artery of the opposite side did not alter the twitch tension. 
Similarly intravenous injection of up to 2 mg. phenyldiguanide into a cat under 
chloralose (the vagi being cut to eliminate circulatory disturbances) did not alter the 
contractions of the nictitating membrane in response to stimulation of the cervical 
sympathetic ; 10 mg. phenyldiguanide caused a sustained contraction of the nictitat- 
ing membrane lasting more than an hour, and not affected by removal of the superior 
cervical ganglion. In contrast to the veratrum alkaloids phenyldiguanide had no 
taste when placed on the tongue. 


The relation between chemical structure and activity 


The relative simplicity of the phenyldiguanide molecule and its close structural 
resemblance to compounds occurring naturally in living organisms aroused our 
curiosity about its chemical analogues. A number of compounds were tested for 
their activity in causing a fall of blood pressure and heart rate, and in slowing or 
stopping respiration, in cats under chloralose anaesthesia ; a dose was then found 
which matched the effect of phenyldiguanide on the blood pressure. Phenyldiguanide 
was commonly used in a dose of 50-100 ug. ; where a new compound had no effect 
in a dose of 1-2 mg. (i.e., when its activity was less than one-twentieth that of 
phenyldiguanide) it has been classified as inactive. Assays were carried out on 
‘ive cats at the most, for each compound, and the less active compounds were tested 
in fewer cats. The figures given in the following Tables are intended only to give 
| general idea of the order of activity. 

From Table I it will be seen that small changes in the substituents on the benzene 
ing of phenyldiguanide produce a tenfold variation in activity. The most active 
ompounds are those with a methyl or chlorine atom in the ortho position. Phenyl- 
uanidine possesses considerably less activity than phenyldiguanide, but p-chloro- 
henylguanidine is as active as phenyldiguanide. The three amidines, phenylacet- 
midine, propionamidine, and butyramidine, were very much less active. 

So far as our rather crude method of recording the respiration permitted, we 
Iso concluded that in the compounds listed in Table I change in activity on the 
ardiovascular system was accompanied by an approximately equal change in the 
apacity to elicit the respiratory reflex. 
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TABLE I 
ACTIVE DIGUANIDE, GUANIDINE, AND AMIDINE DERIVATIVES 


¢_\-na- —C—NH—C—NH, HCl 
N 


NH H 


















Substituent groups Depressor activity in terms of 
phenyldiguanide 











None ey - ol os a os cio) 1.0 

para-Cl ‘5 

ortho-Cl_.. 2.5 

para-Methyl 0.3 | 
meta-Methyl 1.0 

ortho-Methyl 1.5 

meta-Dimethyl : 0.6 

para : meta-Dimethyl 0.8 : 
para-Ethyl .. 0.2 } 
para-Methoxy 0.5 

ortho-Methoxy 0.2 

1: 1-Diphenyldiguanide, HCI 0.05 / 
Phenylguanidine, HNO, .. ; 0.15 
p-Chlorophenylguanidine, HNO, 1.0 

o-Chlorophenylguanidine, HNO, - a = 0.1 
p-Chlorophenyl-N?-methylguanidine, HCl 7” | 0.1 

Phenylacetamidine, HNO, ; rer =a 0.05 

8-Phenylpropionamidine benzenesulphonate , 0.15 

y-Phenylbutyramidine benzenesulphonate me se I 0.10 





The introduction of an aliphatic group in place of one of the hydrogen atoms 
on the terminal nitrogen of the diguanide chain abolishes activity. Six such com- 
pounds were tested, including paludrine (Table II). From Table III it will be seen 
that the substitution of a phenyl or p-chloropheny]l radical for one of the hydrogens 
on the terminal nitrogen of the side chain also abolishes activity. 

In very large doses phenylacetamidine does cause a fall of blood pressure—cf. 
Goodwin and Marshall (1945). This may be accompanied by a small fall of heart 


TABLE II 
DIGUANIDE DERIVATIVES WITH LESS THAN 35TH THE ACTIVITY OF PHENYLDIGUANIDE 
R’ 
—NH—C—NH—C—N 


| | \ 
NH NH _ 


















Substituent groups | R’ | R’ 









para-Cl oe e wi CH; 
para-Cl .. ae ae 2 CH; CH; 


para-Cl ee ee ee ee C.H; C.H; 
para-Cl .. ci af az nC3;H, H 
para-Cl .. ee oi ‘“ isoCgH, H t 


ortho-Cl 
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TABLE III 

DIGUANIDE AND AMIDINE DERIVATIVES WITH LESS THAN 35TH THE ACTIVITY OF PHENYLDIGUANIDE 
Diguanide 1 : 5-diphenyldiguanide 
1-methyldiguanide 1 : 5-di(p-chlorophenyl) diguanide 
1: 1-dimethyldiguanide N-methyl-phenylacetamidine 
1-isopropyldiguanide p-aminobenzamidine 
| : 2-trimethylenediguanide p-chlorobenzamidine 
1: 1-pentamethylenediguanide p-hydroxyphenylbenzamidine 
1-cyclohexyldiguanide Spermine, HCl 
1-benzyldiguanide Dodecamethylene diguanide HCl (synthalin) 
1-phenyl-1-methyldiguanide 2-pyridylbenzamidine 


rate but in two animals was not abolished by vagotomy, whereas the depressor 
action of phenyldiguanide was abolished. Since such large doses of phenylacet- 
amidine were required the analysis of its mode of action was not pursued further. 
The range of compounds in Table III which possess little or no activity help to limit 
still further the known structural requirements for activity. 


DISCUSSION 


Phenyldiguanide and the other compounds listed in Table I possess unusual 
properties. They share with the veratrum alkaloids, mistletoe extract, adenosine 
triphosphate (ATP), and an unidentified substance or substances from serum, the 
ability to cause a reflex fall of blood pressure and heart rate by an action on receptors 
in the heart. Like serum, they also excite a similar depressor reflex from receptors 
in the lungs of the cat: this latter property veratridine does not possess to any 
measurable degree. In addition there is the respiratory inhibition, shared by 
veratridine and not yet thoroughly investigated in serum or ATP. But apart from 
these three reflexes, the phenyldiguanides are singularly inactive. The veratrum 
alkaloids have been investigated extensively for nearly a century, and are known 
to have extraordinarily fascinating actions on nerve, the neuromuscular and 
ganglionic junctions, and an action which in some ways resembles that of digitalis 
upon the heart. It is possible that the cardiovascular and respiratory reflexes 
caused by the veratrum alkaloids are but a special instance of their capacity to 
induce repetitive firing in nerve. Yet they too show to nearly the same degree the 
considerable specificity for the two reflexes (depressor from the heart ; respiratory 
inhibition from the lungs) which von Bezold and Hirt (1867) first described. Thus 
after vagotomy the dose of veratridine has to be increased ten- or twenty-fold before 
any further pharmacological action is observed. On the other hand according to 
Emmelin and Feldberg (1948) ATP in the dose needed to cause a fall of blood 
pressure and heart rate (0.2-0.4 mg.) also causes a constriction of the pulmonary 
vessels of the cat, and a slightly larger dose gives rise to muscular contractions, 
mainly of central origin. We are left wondering why these three distinct reflexes 
should together be so sensitive to the phenyldiguanides and their analogues, and 
what there can be in common between phenyldiguanide, the veratrum alkaloids, and 
the unknown substance in serum. 

From the physiological point of view by far the most interesting questions raised 
are the natural purposes of the two cardiovascular reflexes, if indeed they do play 
a normal part in physiological function. The cardiac depressor or Bezold reflex 
has been discussed in a previous paper (Dawes, 1947). Since that time Jarisch and 
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Zottermann (1948) have added to our knowledge of it, and it seems possible that 
the natural stimulus may be a rise of pressure in the left ventricle, though there is 
by no means a direct proof of this hypothesis. 


The other depressor reflex, which originates in the lungs, is of equal interest. 
We were surprised to find that the injection of a chemical compound could cause 
such a large fall of blood pressure and heart rate by an action on receptors in this 
area. It is true that veratridine had previously been shown to have a similar action 
in the perfused lungs of dogs (Dawes, 1947), but this was a small effect and it was 
not seen in cats. However, the depressor reflex from the lungs caused by the injec- 
tion of serum in cats (Brodie, 1900 ; Dawes and Feldberg, 1949) is very similar ; it 
has been attributed by Gilding and Nutt (1944) to a protein of the albumin class. 
And as long ago as 1900 Brodie and Russell observed that inhalation of bromine, 
or stimulation of the central ends of the pulmonary branches of the vagus, caused 
a fall of blood pressure and heart rate. Some light may be shed on the problem by 
the observations of Schwiegk (1935) and Daly, Ludany, Todd, and Verney (1937), 
who described a reflex slowing of the heart when the pressure in the pulmonary 
circulation is raised. Whitteridge (1948) has recently found a number of vagal 
fibres which from their behaviour he believes may arise from endings on the small 
vessels of the lung. The central connexion of these fibres is unknown, and it has 
not been found possible to stimulate the central ends of these fibres without stimulat- 
ing many others. The evidence from these different experimental studies appears to 
be converging, and it is possible that phenyldiguanide and its homologues might 
excite, directly or indirectly, the fibres described by Whitteridge. 


An additional point of interest is the importance of the depth of anaesthesia 
for the detection of these three reflexes (the two depressor and the respiratory). 
In our experience a very small excess of either chloralose or pentobarbitone 
abolishes them (Fig. 2). The animals showed considerable variation in their 
behaviour under chloralose in particular. Gilding and Nutt (1944) observed on 
injection of stored plasma into cats peristalsis, micturition, defaecation, vomiting, 
and muscular contractions of a pattern similar to that seen with adenosine 
triphosphate (ATP) and described further by Emmelin and Feldberg (1948). It is 
evident from their work that these reactions to stored plasma and ATP are more 
readily seen in decerebrate than in chloralose cats and that this difference can be 
ascribed to the effect of the anaesthetic. Since Emmelin and Feldberg (1948) 
and Dawes and Feldberg (1949) showed that ATP and horse serum elicit the 
Bezold and other vagal reflexes in cats it seems probable that all these reflexes 
are similarly susceptible to a small increase in the depth of anaesthesia. It is 
interesting to speculate on the application of these observations to anaesthesia 
in man ; the reflexes in question can be abolished without any change in the level 
of the general blood pressure, and unless specific search is made for these reflexes 
one would not know from casual observation that they had been abolished as 
the depth of anaesthesia is increased. 

Discussions of the relation between structure and function are not always 
profitable. In this series of compounds it would appear that an aromatic group 
at one end of the molecule is required for high activity, since the first seven 
compounds in Table III are inactive. At the other end the side chain may contain 
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1 unsubstituted guanidine group ; a number of other variants remain to be explored. 
ertain comparisons may be made at this point; for instance, phenylguanidine 
-, active, whereas phenylacetamidine has very much less activity and may even 
roduce its depressor action in a different way. The benzamidine derivatives 
-sted were also inactive. On the other hand it was surprising to find that 1-benzyl- 
diguanide and 1-methyl-1-phenyldiguanide were inactive. Substitution in the benzene 
ing can also cause a considerable alteration of activity. Thus ortho-substitution 
of a methyl group or chlorine atom increased the activity of phenyldiguanide, 
whereas ortho-substitution of chlorine in phenylguanidine reduced activity. This 
latter observation has been checked several times by direct comparison of the two 
compounds. On the other hand para-substitution of a chlorine atom in phenyl- 
q guanidine causes a far greater increase in activity than in phenyldiguanide. 


Up till last year the veratrum alkaloids were the only pure chemical compounds 
known to excite the Bezold reflex. Their structure was not known exactly, but 
it was believed to contain a six-inembered ring of a complexity unlikely to occur 
naturally in the animal body. Since then both ATP and phenyldiguanide have 
been found to cause reflex disturbances of the circulation and respiration. ATP 
certainly occurs in the body, and the phenyldiguanide and phenylguanidine 
molecules are sufficiently simple to raise the possibility that they or one of their 
homologues may also do so. Yet there is not sufficient evidence to decide whether 
the reflexes discussed above are elicited by a direct action of phenyldiguanide 
and its homologues on nerve endings, or by an action on other structures which 
causes a physical change in the vicinity of the nerve endings. Until this point is 
finally settled any discussion of the possible part played by guanidine derivatives 
in the normal physiological function of these reflexes would be premature. 


SUMMARY 


A number of phenyl-guanidine and -diguanide derivatives cause, on intravenous 
injection, a considerable fall of blood pressure and heart rate in cats, sometimes 
accompanied by a transient inhibition of respiration. These phenomena are 
ibolished by cutting the vagi, and are attributed to three reflexes: 


(1) A fall of blood pressure and heart rate due to a reflex from the heart itself, 
since it could be elicited by injection of a small dose into the left coronary 
artery. 


(2) A fall of blood pressure and heart rate due to a reflex from the lungs. 
(3) An inhibition of respiration due to a reflex from the lungs. 


hese reflexes are very readily abolished by a slight increase in the depth of 
naesthesia, using either chloralose or pentobarbitone. The substances investigated 

nowed a remarkable specificity in exciting these three reflexes, and were other- 
ise relatively inactive. Forty-two related compounds have been studied in an 
ivestigation of the structural requirements for this type of activity. 
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The need for a reliable and rapid in vivo test for screening compounds for 
anti-tuberculous activity remains as great as ever. It was in the hope of develop- 
ing such a test that the investigation into the possibility of producing experimental 
tuberculous corneal lesions in the rabbit (Robson, 1944; Gardiner, Rees, and 
Robson, 1949) was started. The corneal method has now been extended to the 
mouse. While still retaining the advantage of allowing direct observation of the 
lesions throughout the experiment, this newer method has the advantage that is 
offered by a smaller animal—economy of drug, or for the same amount of drug 
a larger number of test animals. The results obtained by the method with 
streptomycin, p-aminosalicylic acid, a diaminodiphenylsulphone derivative, and 
combined streptomycin and p-aminosalicylic acid are also described. They are 
sufficiently encouraging to suggest that the method may have considerable value 
for the preliminary testing in vivo of compounds with promising in vitro activity. 


METHOD 


Female albino mice, 18-25 g. in weight, were used. Although tuberculous corneal 
lesions were produced in mice both with a bovine and a human strain (H37Rv) of 
Vycobact. tuberculosis (Table I) the bovine strain was used throughout the present 
experiments. The strain was the same as that used in the earlier work on intracorneal 
infections in rabbits (Robson, 1944, and Gardiner et al., 1949). The strain is as sensitive 

oth to streptomycin and to sodium p-aminosalicylate as the standard strain, H37Rv. 

A seven-day culture in a ‘ Tween ’-80-Albumen medium was centrifuged, resuspended 

1 Tween-saline, and adjusted by means of a photoelectric absorptiometer to contain 
‘1 mg. (dry weight) of organisms per ml. Inocula of various sizes, containing 
pproximately 100 to 10,000 tubercle bacilli, were tried (Table I) before finally choosing 
1 inoculum containing 1,000 organisms which was found to be the minimum dose 
ipable of producing consistent tuberculous lesions. It is of interest that the mouse 
quires a larger inoculum than the rabbit (1,000 as against 300 organisms) to produce 
1 active tuberculous corneal infection in 100 per cent of animals. As in the rabbit 
e intracorneal injections were made with a tuberculin type syringe and a fine short 
‘velled needle (0.30 or 0.35 mm. x 4 in; obtainable from the Holborn Surgical 
strument Co.). Deep anaesthesia is essential, but it was found that a sufficiently 


*At present on the scientific staff of the Medical Research Council. 
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TABLE I 


EFFECT OF STRAIN AND SIZE OF INOCULUM ON INCUBATION PERIODS OF TUBERCULOUS LESIONS 
IN THE CORNEA OF MICE 





Inoculum 
- —_—__—__—- —— — Number of mice 
Strain of M. tuberculosis Number of organisms 


Mean incubation period 
(days) 





Bovine rey 1,000 56 | M1. 
Bovine - me 10,000 14 8. 
Human (H37Rv) Sa tA 1,000 10 11. 





deep anaesthesia with ether alone resulted in a high mortality, and for this reaso: 
the mice were given a preliminary dose of a-bromoisovalerylurea ; this was given 
about 4 hour before the inoculation as an aqueous suspension in 6 per cent gum 
acacia by stomach tube in a dose of 0.4 g. per kg. body weight. A relatively short 
exposure to ether then gave a safe and deep anaesthesia. Immediately before injection 
all whiskers were clipped short round the eye. The mouse was held firmly by an 
assistant and then, by means of fine eye forceps, the eye was fixed and the needle 
introduced obliquely into the periphery of the cornea by a gentle rotating movement 
(Plate I). It was found possible, with a good point source of light and a lens placed 
at a suitable distance between the mouse and the operator, to perfect this intracorneal 
technique so that some forty animals could be injected in about two hours. One 
eye only in each animal was inoculated. The injection immediately produced a readily 
visible opaque bleb (Plate II). The volume of the inoculum was estimated to be 
about 0.01 ml. Throughout this work all observations on the cornea were made 
with a binocular dissecting microscope (x 10). 


RESULTS 


By this technique tuberculous corneal lesions developed in all untreated eyes 
inoculated. Unlike the rabbit (Gardiner ef al., 1949) in which secondary infection 
of the cornea was never observed, about 5 per cent of mouse corneae showed 
early acute infections which healed rapidly and very rarely interfered with the 
subsequent development of tuberculous lesions. 





PLATE I.—Technique of inoculation 
The mouse, held by an assistant 
is shown in the foreground. On 
the left side is seen the end of the 
pointer-light, which illuminate 
the eye. The operator, sittin; 
opposite the assistant, views th 
eye through the magnifying lens 
placed above the eye. 
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PLATE II1.—Opacity produced in the cornea of a mouse, photographed immediately after an intra- 
corneal injection. A normal eye is shown at the same time, for comparison. (xX 20.) 
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PLateE III.—Appearance of an early, five-day-old, 
tuberculous corneal lesion (16 days after 





/ 


inoculation). X 20. 











LATE IV.—A more advanced lesion showing PLATE V.—A chronic corneal lesion, under- 
marked vascularization (29 days after going partial reduction in size, showing 
inoculation). < 20. characteristic irregularity (65 days after 





inoculation). > 20. 








80 R. J. W. REES and J. M. ROBSON 





After an incubation period of about twelve days, the primary lesion, usually 
single but sometimes multiple, first appears as a minute opaque focus just visibie 
under the dissecting microscope (Plate II1) and rapidly increases in size in a few 
days to become visible to the naked eye. By the 30th day the lesion has still 
further increased in size, become much denser and obviously caseous in appearance 
with vessels streaming in from the limbus to form, quite frequently, a well marked 
pannus (Plate IV). Occasionally the corneal lesion is associated with a hypopyon, 
but, in contrast to the rabbit, ulceration is very rare. From about the 30th to 
the 50th day the majority of lesions undergo slow regression involving disappearance 
of the peripheral oedema, decrease in vascularization, and decrease in size ; during 
this period the lesion characteristically becomes broken up into smaller foci (Plate V). 
This process of healing is very slow and was never complete even in lesions followed 
for periods of 100 days; usually a reduction in the size of the lesion by about 
half occurs. 

It is generally recognized that the mouse is more resistant to experimental 
tuberculosis than the rabbit, and this is very well demonstrated by comparing 
the corneal tuberculosis in the two species. In the rabbit (Robson, 1944 ; Gardiner 
et al., 1949) a smaller inoculum of tubercle bacilli produces a much more acute 
and rapidly progressive lesion which always terminates in ulceration and ultimately 
in death of the animal from generalized tuberculosis. In the mouse the ocular 
lesion is less acutely destructive ; it finally undergoes partial regression and the 
animal never dies from tuberculosis within a period of 100 days. The difference 
between the development of lesions in the mouse and in the rabbit, as well as 
the relatively chronic nature of the established lesions in the mouse, can be gauged 
by comparing Fig. 2 (below) with Fig. | in the paper by Gardiner er al. (1949). 

At an early period in the work it was considered possible that some of the 
ocular lesions were due, in part at least, to infection of the anterior chamber, 
particularly as it seemed possible in such a thin tissue as the mouse cornea that 
some of the inoculum might well reach the anterior chamber directly. To test 
this, mice were deliberately inoculated directly into the anterior chamber with 
the same dose of tubercle bacilli. This resulted in early opacity of the anterior 
chamber followed later by clearing, leaving a characteristic tuberculous iritis—i.e.. 
an entirely different picture from that obtained in mice infected by intracornea! 
injection. 


Quantitative analysis of tuberculous corneal lesions 


The development of a lesion is preceded by a latent or incubation period which 
has proved to be reasonably constant for any particular size of inoculum (Fig. |) 
and can therefore be used as a comparative measurement. As in the rabbit 
(Gardiner et al., 1949) an arbitrary numerical scoring method, denoting size o! 
the corneal lesions, has proved suitable for studying their natural developmen! 
and serves as another measure (Fig. 2). 

Having once established a reliable technique for producing a standard tuber 
culous corneal lesion in the mouse, characterized by an incubation period anc 
followed by a progressive period, both of which are reasonably constant an 
readily assessed, it remained to be seen whether such an infection could be use 
to detect the activity of tuberculostatic compounds. 
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Mean 11.8 Days 


| | Fic. 1.—Frequency distri- 
4 bution curve of the 
ne incubation periods 
after inoculation of 
134 the cornea with 
7 approximately 1,000 
tubercle bacilli 
(analysis of 56 eyes). 
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Fic. 2.—The natural 
development of tuber- 
culous corneal lesions 
produced by an inocu- 

,. lum of approximately 

- 6 1,000 tubercle bacilli 
in the mouse. Each 
point on the curve 
represents the mean of 
a number of observa- 
tions. 
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Chemotherapeutic tests 


Mice were infected in one eye only, divided into a control and treated group, 
: latter being given the drug either incorporated in the food or by subcutaneous 


‘ection. 


Experiments with streptomycin 


In one set of experiments treatment was continued for 28 days and in another 
56 days. In both the total daily dose was 8 mg. given in equally divided doses 
0.2 ml. of sterile distilled water and injected morning and evening. The first 
‘ction was always given within an hour of infection. 

In the experiment in which streptomycin was given daily for 28 days, the five 
itrol mice all developed lesions between the 8th and 13th days whereas only 
ee out of thirteen treated mice had developed lesions by the 28th day—i.e., one 
+h on the 16th, 19th, and 24th days respectively. Five more of the treated group 
veloped lesions between the 28th and 40th days and the remaining five animals 
re free from infection when the experiment was terminated on the 65th day 
g. 3 A). Of the eight treated animals developing lesions, four remained 
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minimal in size; the other four were progressive in type and consisted of two 
appearing during treatment and two after treatment was stopped. 

In the experiment in which streptomycin treatment was continued for 56 days, 
the seven control animals all developed lesions between the 9th and 17th day 
whereas only one of the five treated animals developed a lesion (42nd day) while 


on streptomycin. One further animal developed a lesion on the 71st day, while 
the remaining three were free from lesions when the experiment was terminated 
on the 112th day. Both the lesions which developed in treated animals remained 
minimal in size (Fig. 3 B). 


2. Experiments with sodium p-aminosalicylate 


The treated animals were given sodium p-aminosalicylate thoroughly mixed 
into a powdered diet (M.R.C. Mouse diet No. 41 ; see Bruce and Parkes, 1949) 
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TUBERCULOUS INFECTION OF THE CORNEA 
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Fic. 5.—Showing the effect 
of p-aminosalicylic acid 
therapy, started one day 
before inoculation of the 
cornea and continued 
for 56 days. 
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to give a final mixture of 2 per cent; this would give an approximate daily dose 
of 5 g./kg. body weight, which is similar to that used by other workers. The 
drug was started 24 hours before infection and maintained for 56 days. The results 
of an experiment, in which there were ten controls and twelve treated animals, 
are shown in Fig. 4 A and Fig. 5. The ten controls all developed lesions between 


the 11th and 17th days, whereas in the treated group the incubation period was 
prolonged to between the 25th and 32nd day in ten and the remaining two were 
free from infection when the experiment was terminated on the 105th day. By 
plotting the mean size of lesions (taking into account all treated animals) against 
the time of observation, it was possible to demonstrate that the corneal lesions 
in the treated group were smaller than in the control group (Fig. 5). 


3. Experiment with sulphetrone 


Sulphetrone was given as a 3 per cent mixture in the diet—i.e., a dose similar 
to that used by Brownlee and Kennedy (1948) in guinea-pigs. The treated animals 
were started on sulphetrone 24 hours before infection and continued on the drug 
for 56 days. In the experiment there were twelve control and thirteen treated 
«nimals. All the controls and seven of the treated animals had developed lesions 
between the 11th and 18th days. The remaining six treated animals all developed 

yrneal lesions, the last two appearing on the 39th day (Fig. 4 B). Although the 
‘cubation period of the treated group was only prolonged in six out of thirteen 
nimals the lesions themselves, as a group, were smaller and less active than their 
yntrols (Fig. 6). 


. Experiment with combined sodium p-aminosalicylate and streptomycin 


It has been shown by Swedberg and Widstrém (1948) in the mouse and guinea- 
ig (intravenous technique) and by Rees and Robson (1949), using the rabbit 
orneal method, that an enhanced effect is given by combining p-aminosalicylic 
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acid with streptomycin in experimental tuberculosis. In a similar experiment with 
the present technique three groups of animals were used—one a control, one on 
streptomycin, and a third on streptomycin and p-aminosalicylic acid. Streptomycin 
(8 mg. per day) was given by subcutaneous injection in two daily doses, the first 
injection being given within one hour of injection ; p-aminosalicylic acid adminis- 
tration (2 per cent in the diet) was started 24 hours before inoculation. Treatment 
was maintained for 28 days. The results are shown in Fig. 3 C. The five control 
animals all developed lesions between the 8th and 13th days. Three out of twelve 
animals on streptomycin and none of the ten on combined therapy had developed 
lesions by the 28th day. Within 12 days of stopping treatment all but three on 
combined treatment and four on streptomycin developed corneal lesions. - Under 
the conditions of these experiments there had been a significant enhanced effect 
with the two drugs while on treatment, but the relapse rate after cessation of 
treatment was identical. 


DISCUSSION 


It has been found that, by intracorneal injection of a standard suspension 
of a bovine strain of tubercle bacilli, the mouse cornea responds in a regular 
and predictable manner. Moreover the natural history of such standard cornea! 
infections can be significantly modified by treating the animals with drugs known 
to have anti-tuberculous activity (i.e., streptomycin, p-aminosalicylic acid, and 
sulphetrone). Not only does the method show these compounds to be active 
but it is possible to compare their relative activities quantitatively and placc 
them in the following order: (1) streptomycin; (2) p-aminosalicylic acid; (3 
sulphetrone (Fig. 3 B and Fig. 4 A and B). This agrees with other laboratory) 
tests and with clinical observation. It is also possible to demonstrate, as ha: 
already been shown by means of the rabbit cornea method (Rees and Robson 





TUBERCULOUS INFECTION OF THE CORNEA 85 


149), that a combination of streptomycin and p-aminosalicylic acid is more 
fective than either drug alone. 


The activity of a chemotherapeutic agent can be assessed by analysing its 
fect on (a) the incubation period and (b) the subsequent development of the 
icsion. The former method of analysis is very simple, requires a relatively short 
me, and is capable of giving at least a preliminary indication of activity in 
some twenty days. 


In the untreated mouse cornea the lesions reach a maximum by about the 
10th day, then slowly decrease in size, and finally become stabilized at about the 
50th day. This natural regression of tuberculous corneal lesions in the mouse 
must be taken into consideration when assessing the activity of drugs after the 
30th day. By applying these two methods of analysis to the three compounds 
described in this paper, it has been found (1) that streptomycin markedly prolongs 
the incubation period ; up to half the inoculated eyes show no lesions throughout 
the period of the experiment, and where lesions develop they remain minimal 
in activity and size ; (2) that p-aminosalicylic acid always prolongs the incubation 
period, but the effect is less striking than with streptomycin and only a few eyes 
remain inactive throughout the period of the experiment. Although those lesions 
which do develop are rather smaller than the controls, the effect is far less striking 
than with streptomycin. (3) Lastly with sulphetrone, the incubation is not pro- 
longed beyond the normal in half the animals, and none of the inoculated eyes 
are inactive at the end of the experiment, but the lesions themselves tend to remain 
smaller than the controls. With both p-aminosalicylic acid and sulphetrone the 
difference between the size of the lesions in the treated and control animals is 
most marked during the first 30-40 days, and once the period of natural regression 
is reached any differences become less marked. The activity of a drug should 
probably be assessed by its ability to prolong the incubation period and inhibit 
the progress of the lesion during the phase of natural progress—i.e., up to 30 days. 
rhis implies that all compounds for assay should be given either at the time of, 
or 24 hours before, the inoculation of the eyes ; this will give the drug its maximum 
opportunity for effective action and the observer the earliest opportunity of judging 
its activity. 

The cornea is admittedly a specialized tissue, normally isolated from any direct 
blood supply, and might therefore be considered to be at a relative disadvantage 

) far as the normal host response to infection is concerned. But it is a living 
‘issue, dependent ultimately on a normal blood supply to the surrounding areas: 
ence the effect of systematically introduced chemotherapeutic substances is 
pendent on their ability to diffuse into the cornea, while still retaining their 
tivity. In the earlier experiments on the rabbit cornea, all drugs were given 
y intravitreous injection, and, although it is convenient to have in one and the 
me animal a control and a treated eye, the treated eye acted as a rather arti- 
cially boosted depot. In the mouse corneal test all drugs were given either 
y mouth or subcutaneous injection in quantities similar to those used by other 
orkers, and although compounds of larger molecular size may diffuse less readily 
ito the cornea than for example into the lung, yet with all of them it has been 
»ssible to demonstrate anti-tuberculous activity. 
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SUMMARY 


1. Details of a method for producing experimental tuberculous corneal lesio: s 
in the mouse are given, together with a description of the natural history of 
the infection and a quantitative analysis of the resulting lesions. 


2. The results obtained with streptomycin, sodium p-aminosalicylate, and 
sulphetrone suggest that this method may prove of value in the screening of ne\ 
substances for anti-tuberculous activity in vivo. 

3. With the use of this method, an enhanced effect was demonstrated with 
combined streptomycin and p-aminosalicylic acid treatment. 


We are grateful to the W. H. Ross Foundation (Scotland) for the Prevention of 
Blindness, which defrayed some of the expenses. The streptomycin was kindly supplied 
by the Tuberculosis Study Section of the U.S. Public Health Service (through Dr. 
Schmehl), the p-aminosalicylic acid by Herts Pharmaceuticals, Ltd. (through Myr. 
Seymour), and the sulphetrone by the Wellcome Physiological Research Laboratories 
(through Dr. Brownlee). 
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THE ACTIONS OF METABOLIC SUBSTRATES AND 
INHIBITORS ON THE RABBIT AURICLE* 


BY 


J. LEYDEN WEBB 
From the Department of Pharmacology, Oxford 


(Received December 7, 1949) 


Knowledge of cardiac muscle metabolism has advanced during the past few 
years to an appreciable extent, but the correlation of metabolic processes with the 
various functions of the heart has been very little investigated. It is possible that 
some of the enzyme systems that are highly active in cardiac extracts or homogenates, 
or even in heart slices, are not intimately involved in the beating of the heart. 
It is also possible that in the intact beating heart there are enzyme systems of great 
importance, which are either destroyed or altered by any damage to the myocardium. 
Such systems may be brought to light by a more detailed analysis of the actions of 
metabolic substrates and inhibitors on the normally contracting cardiac tissue. For 
the understanding of drug actions on the heart, it is frequently necessary to correlate 
the metabolism with the functional aspects of impulse discharge, conduction, and 
contraction. The isolated rabbit auricle was used in the present work because both 
the amplitude of contraction and the rate of impulse discharge could be more 
accurately measured with it than with the entire heart where there occur problems 
of conduction block and complex contractile movement. It is also difficult to 
maintain normal conditions in the perfused heart, and the tissue soon becomes 
damaged, whereas auricles will beat regularly for many hours in the proper medium. 
This work was done in connexion with the problem of the action of acetylcholine 
on the heart and of how this action is influenced by the metabolic state of the 
myocardium. The results obtained with acetylcholine will be reported in a 
subsequent paper. 

METHODS 


The effects of metabolically important substances on the rabbit auricle were deter- 
‘ined by addition of the substances to a bath in which the auricles were beating. 
learts from young rabbits .’ere used, inasmuch as it was found that such preparations 
‘at more regularly and give more reproducible results than those from older rabbits. 

is possible that in older animals the auricular walls are so thick that diffusion of 
‘ygen into the tissue, or diffusion of metabolic products from the tissue, is not adequate. 
also seemed that better results were obtained when the rabbits were allowed to remain 
uiet for several minutes before they were killed. Auricles obtained from animals 

‘yat had been killed immediately after being caught and handled often gave poor results 


*This investigation was carried out during a Fellowship granted by the Life Insurance 
edical Research Fund, New York, U.S.A. 
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and would seldom achieve a regular beat. The rabbits were killed by a blow on tie 
head and the hearts were rapidly removed. The hearts were allowed to beat for abo 
half a minute in a dish of physiological medium in order to allow as much blood «s 
possible to be pumped out of the tissues. The ventricles were often massaged in ord r 
to rinse the blood from the auricles, care being taken not to touch the auricles. Tlie 
auricles were then cut from the heart and carefully trimmed so that no ventricul.r 
tissue remained. Caution was exercised in the trimming of the arteries and veins that 
no damage be done to the adjacent regions of the auricle, for it is in these regions that 
the pacemaker tissue usually lies. The auricles were suspended in 70 ml. of Tyroce 
solution (0.137 M-NaCl, 0.0027 M-KCl, 0.0018 M-CaCl,, 0.00011 M-MgCl,, 0.012 
M-NaHCO,, 0.00042 M-NaH,PO4, and 0.0055 m-glucose) which, after saturation with 
the gas mixture, had a pH of 8.1. Substances to be tested were added in 0.7 ml. volumes 
at a concentration 100 times that required in the final medium. Although this medium 
is a good buffer, all solutions of these substances were brought to a pH close to 8.| 
before their addition to the bath. All measurements were made at 30° C. It was 
found that better results could be obtained at this temperature than at 38° C. At the 
higher temperature it is likely that the rapid rate often limits the recording of the full 
amplitude and this would introduce serious errors into the determinations of amplitude 
effects. The auricles also beat regularly over a much longer period of time at the lower 
temperature. The medium was continually saturated with a mixture of 5 per cent CO, 
and 95 per cent O,. The substances used were obtained in as pure a form as possible. 
The sodium fluoroacetate was kindly supplied by Dr. Saunders, of Cambridge University. 

In order to achieve quantitative results the auricular tracings were carefully measured. 
the amplitude being recorded in millimetres and the rate of beating in contractions per 
ten seconds. It was necessary to use this small time unit for measuring the rates. 
inasmuch as rapid rate changes could not have been accurately determined if longer 
intervals had been chosen. The effects produced by the addition of any substance 
were expressed in terms of the percentage change in the amplitude and rate. Such 
results might conceivably be expressed as absolute changes, percentage changes, or as 
final levels of activity to which the auricles were brought by the substances. For most 
purposes the percentage change is the most significant. In the first place, owing to the 
recording arrangement, the true amplitude of contraction is not measured ; hence, if 
absolute changes were given, it would not be possible to compare one experiment with 
another. Furthermore, in considering the effects of substances on the auricular frequency 
we are usually interested in the changes in the rates of processes occurring within the 
pacemaker cells. It is likely that the rates of such processes are roughly proportional 
to the frequencies of beating. In metabolic studies the effect of an inhibitor on an 
enzymatic system is usually expressed in terms of percentage inhibition, and so here 
we might expect a more direct relationship to the underlying processes if we also express 
the frequency changes in similar terms. Justification for this method of expression. 
with regard to both rate and amplitude, was found in the quantitatively comparable 
results obtained from auricles beating at greatly different rates and amplitudes. 

The auricles usually beat somewhat irregularly for 5-30 minutes after placing them 
in the bath, but eventually became quite constant with respect to both rate and ampli 
tude. Experimental work was always initiated after the auricles had reached this stead) 
state. Such auricles would beat for two to three days, the amplitude gradually decreas 
ing during the second and third days. No auricles were considered to be normal afte: 
the first day and all results reported were obtained on fresh auricles. The recorded 
amplitude was usually adjusted to between 40-60 mm. Normal auricles beat spon 
taneously at an average rate of 102 contractions per minute, although there was quit 
large variation between the auricles from different animals in this respect, the extreme: 
recorded being 72 and 144. At 38° C. the frequency is approximately 80 per cent 
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-eater than at 30° C., and thus the rate at body temperature would have been approxi- 
ately 184 beats per minute, a figure not far distant from the normal in situ rate of the 


ibbit heart. 
RESULTS 


The effects of metabolic substrates on normal auricles 


It is obvious that if a substance is to alter the beating of the auricles by acting 
through metabolic mechanisms, its quantitative effect will depend on the metabolic 
state of the myocardial cells. If a particular substrate or intermediate, which is 
of importance in the functional metabolism of the heart, is deficient, we might 
expect its addition to produce an effect. Whether this would be stimulation or 
depression cannot be predicted until the correlation between the various metabolic 
reactions and the functioning of the heart cells is better understood. On the other 
hand, if an enzyme system is saturated with respect to its substrate (that is, if the 
substrate is not limiting the rate of the reaction), there may be no response to the 
addition of the substrate, or there may perhaps occur a retardation of the enzyme 
systems that operate before the particular step in which the substrate is involved. 
Furthermore, the observed actions of substrates on the auricular tissue may be 
independent of enzymic mechanisms, the primary effect being upon the cellular 
membrane potential or the contractile substance itself. Lastly, the possible actions 
of these substances on the acetylcholine equilibrium in the cardiac tissue must be 
borne in mind. Since there is a slow formation of acetylcholine in the auricles 
(cither within the heart cells themselves or released from the post-ganglionic nerve 
endings), it is possible that a substance may stimulate or depress this formation, 
or alter the rate at which this endogenous acetylcholine is destroyed by modifying 
the activity of the cholinesterase, or antagonize the action of the acetylcholine on 
the auricular cells. 

The results obtained on the actions of substrates on normal auricles are 
summarized in Table I. Changes of less than 5 per cent are probably not significant 
unless derived from experiments upon several auricles. An inspection of this Table 
will show that stimulation of either rate or amplitude is very seldom seen with any 
of the substrates investigated. It is likely that the only really significant stimulation 
is that produced by citrate on the rate. These substances, in general, have no effect 
on the normal auricle until a certain concentration is reached and then they begin 
progressively to depress it. This is seen in the concentration-action curves in Fig. 1. 
On the whole, it is probable that the enzymatic systems involved in providing energy 
or the beating of the auricles are not limited by any of the substrates tested. 

The amplitude is more readily depressed by these substances than the rate. 

Jn the average, for any specific concentration of substrate, the depression of the 
mplitude is two to three times as great as the depression of the rate. However, 
ubstrates vary in this respect and it will be seen that acetate at lower concentrations 
epresses the rate as strongly as it does the amplitude. The maximum effect, in 
10st instances, is reached from one to two minutes after the addition of the sub- 
trate to the bath. There is then, with the majority of substrates used, a partial 
complete spontaneous recovery from this depression. This was observed with 
yruvate, lactate, fumarate, malate, acetate, oxalacetate, propionate, and butyrate ; 
‘ was not seen with citrate or caprylate, the depression produced by these being 
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TABLE I 
THE EFFECTS OF METABOLIC SUBSTRATES ON NORMAL AURICLES 
| | | 
Molar Time % Change | % Change | 
Substrate concentration | (min.) inrate | inampl. Hearts | Teste 
Succinate . | 0.0001 | 1 0 | eta. 4 
5 0 +2 1 1 
0.001 1 0 0 e~S 
| 5 oO | +3 1 | 1 
0.005 0.5 | 0 = | 4 
— 0 —9 . i 
= 0 —22 2 | 4 
0.01 0.5 18 2 | 3 | 3 
I ~13 —-%6 | 4 | 4 
-10 ——y it 8 | $ 
—_ | | 
Fumarate . . | 0.001 0.5 6 et ef Ft 4 
| | 6 | -5 1 1 
| 5 ae 3 | fe Dee, 
0.005 =| 0.5 3 -~— ! =P os 
1 J 7 eo ae 
2 0 # } 2 | 3 
0.01 0.5 ae ‘Sal 2 es Ge 
5 14 3 4 
2 = 10 3 3 
Malate 0.001 0.5 3 pa o | “22 ae 3 
me Se -3 0 2 2 
- a —1 Be fe ice 
0.005 0.5 ss -10 ; + # 
; | —4 -14 5 
2 | 0 -15 3 3 
| 0.01 | 0.5 | 4 | —-9 | 2 3 
| 1 —4 | -18 | 2 3 
| : 43 —4 —20 2 2 
5 o | —-I5 2 2 
| 10 0 8 2 2 
| 15 0 | 5 1 | 1 
| 0.02 05 | -7 1 
| 1 —14 1 
2 nile 1 
| 5 0 1 
; 8 0 1 
| 45 0 1 
Oxalacetate 0.002 0.5 0 
0 
0 
0 
0 
0 
0 
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TABLE I—contd. 
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TABLE I—contd. 
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TABLE I—contd. 
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| 
Substrate concentration _— (min.) inrate | inampl. Hearts | Tests 
Glutamate - 0.001 1 oO | 0 Ponte. ce 
| 2 | o | 0 Pre 
| 0005 | 61 | o | o | 1 
| 2 | 0 0 za 
| 0.01 i 0 | —3 | 2 3 
2 | 0 | —1 | 2 3 
9.03 1 | . |. 1 1 
2 | o | =f 1 I 
ian. . | om ft 3 0 met | i a 
| 2 o | —§ t § Pes 
| 0.005 _ o | — | = T-& 
| 2 | o | —1 | 2 2 
| 0.01 1 0 ~§ | 2 2 
2 0 —% 2 2 
| 5 0 0 2 2 
| 0.03 1 0 ~9 1 1 
: 2 0 = 1 1 
| 5 0 ont 1 1 
Citrate. | 0.0001 1 0 0 ; 1 
2 | 0 0 1 
0.001 0.5 0 —§ 2 | 3 
1 —2 —11 2 | 3 
2 <i $3 2 1 3 
0.005 0.5 eo i|——# | 2 3 
| 1 +3 —47 2 3 
2 +6 —60 2 3 
4 +3 —62 2 3 
0.01 05 | 0 = _ + 3 
1 +16 —63 ._ ¢ & 
2 +25 —74 2 2 
5 +28 —75 2 2 
10 | +25 —74 2 2 
| 15 | +20 —72 2 2 

















irreversible until the substance was washed from the bath. Typical curves illustrat- 
ing this spontaneous recovery are given in Fig. 2. This recovery is not due to 
destruction of the substrate, for in most instances the total amount of substrate 
present in the bath is sufficient to prevent any appreciable decrease in the concentra- 
‘ion resulting from amounts destroyed by the tissue in the short time intervals 
nvolved. This type of spontaneous recovery is seen in cardiac tissue under the influ- 
ence of a variety of substances, and is probably to be interpreted in the light of the 
ability of the cardiac functional systems to adjust themselves to abnormal conditions. 
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CONCENTRATION (log. molar) 


Fic. 1.—The action of substrates on the normal rabbit auricle. (A) glutamate, (B) pyruvate, 
(C) acetate, (D) malate, (E) succinate, (F) caprylate,(G) citrate. Time of action: 1 min. 
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Fic. 2.—Recovery of auricles from substrate depression. (A) acetate 0.01 m, (B) pyruvate y 
0.005 m, (C) malate 0.01 M, (D) malate 0.02 m. 


Consideration of the penetration of these substances into the cardiac cells is of 
the greatest importance, for, unless the heart cells, like some bacteria, possess 
enzymatic systems upon their surfaces, it is necessary for the substances to enter 
the cells in order to produce a direct effect upon the metabolism. Very little work 
has been done on the permeability of cell membranes to such substances. Further- 1 
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more, no analogies between the penetration of these substances and other weak 
acids can be drawn with confidence, inasmuch as cell membranes seem frequently 
to possess selective permeabilities for substances of functional importance. At 
the slightly alkaline pH of this medium, these substrates exist in solution preponder- 
antly as anions; this may interfere with rapid penetration, especially when the 
substrates possess two or three such ionized groups. However, it must be borne 
in mind that the permeability to charged molecules may markedly increase in the 
heart cells during the passage of an impulse over the tissue. There is some evidence 
for the penetration of such substrates. It will be shown later that in substrate- 
depleted auricles there is an almost immediate effect of added pyruvate. Further- 
more, the actions of pyruvate, lactate, B-hydroxybutyrate and other substrates are 
quite rapid on exhausted perfused hearts. It will also be shown that iodoacetate 
and fluoroacetate penetrate the auricular cells quite readily. With regard to dicar- 
boxylic and tricarboxylic acids, I know of no evidence that is applicable to the 
present situation, although it seems certain that succinate and malonate are able to 
penetrate into heart slices. Fig. 1 shows no correlation between effect and the 
number of carboxyl groups. I believe that the evidence available points to a 
definite penetration by these substances. However, equilibrium may not be reached 
for one to three minutes, the times of maximum substrate action thus being expres- 
sive of the relatively slow rate of penetration compared to uncharged molecules. 

It is possible that the effects observed with the substrates may have been partly 
or wholly non-metabolic effects. The relationship between cellular membrane 
potentials and the rate of discharge of the pacemaker cells or the degree of contrac- 
tion is not understood, but it is conceivable that alterations brought about in the 
cell membrane by these substrates might influence the auricular functioning. Such 
organic acids are known to be capable of producing temporary electrical potential 
changes in nerve, muscle and plant cells. If such a mechanism of action is involved, 
it is likely that we must interpret the spontaneous recoveries from substrate depres- 
sion as originating in the gradual restoration of the normal potential by the establish- 
ing of a concentration equilibrium between the medium and the interior of the cells. 
That these substrates depress the auricles by increasing in some manner the effective 
acetylcholine concentration in the tissue is unlikely, since it was clearly shown that 
atropine, at a concentration capable of blocking all acetylcholine action (1 x 10°), 
failed to alter the actions of pyruvate, citrate, acetate, malate, and fumarate. It is 
improbable that the depressant action originates in a simple increase in osmotic 
pressure of the medium, for glucose may be added up to a concentration of 0.03 M 
without alteration of the beat. Furthermore, if an osmotic effect were involved, 
we should expect the various substrates to produce similar degrees of depression 
at equivalent concentrations ; this, however, is not the case. Since the concentra- 
tion-action curves for the various substrates, as shown in Fig. 1, are not only at 
different positions along the concentration axis, but also possess markedly different 
curvatures, it would seem unlikely that the depressant effects were due to any general, 
non-specific type of action. 

Some of the substrates, particularly acetate, malate, and propionate, showed a 
tendency to induce arrhythmias in the auricles. These arrhythmias were occasion- 
ally completely irregular, but usually they were of the “ pulsus alternans” type, 
the amplitude of contraction regularly alternating each beat between two different 
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values. Sometimes such a rhythm was caused by the regular beating of one auricle 
of a pair while the other auricle beat only every other contraction, but more fre- 
quently this was not so. Rapid recoveries from such arrhythmias were observed 
when the substrate was removed from the bath. 

The action of succinate was only depressant in these experiments. Depression 
of the amplitude was observed by Salant, Livingston, and Connet (1917) on the 
perfused frog heart (succinate 0.01-0.02 M) and by Forssmann and Lindstén (1946) 
on the isolated and perfused rabbit heart (succinate 0.01-0.04 M). They did not find 
in these preparations such marked depression of the rate as was here observed on 
the rabbit auricles. Forssmann and Lindstén (1946) found a mild stimulation (+ 15 
per cent) of the amplitude by succinate in lower concentrations (0.0005-0.005 Mm). 
In the auricles no such stimulation was observed within a similar concentration 
range ; this possibly indicates a difference in behaviour between the auricles and 
ventricles of the rabbit, inasmuch as they measured the contractions of the left 
ventricle. No stimulation was found in the isolated and perfused rat heart 
(Nakamura et al., 1949). Despite the rapid oxidation of succinate by cardiac tissue, 
it would appear that the energy derived from this is, at least in the normal auricle, 
of no consequence in the functioning of the auricles. It will be shown later that 
this energy cannot be utilized to revive substrate-depleted auricles. 

The relatively marked depression produced by malate on the auricles is in accord 
with the results of Salant, Livingston, and Connet (1917) on the frog heart ; the frog 
heart would seem to be more sensitive to the action of this substrate than the 
rabbit auricle. A definite difference in the behaviour of the two tissues is seen, 
however, in the recovery of the rabbit auricles from the malate depression, whereas 
the frog heart was reported to remain in a constant state of depression as long as 
the malate was present (in one case for 62 minutes). 

The action of citrate on the rabbit auricle is very interesting, there being a 
marked stimulation of the rate while the amplitude is simultaneously reduced. 
This phenomenon occurs only at higher concentrations of citrate (above 0.005 M) ; 
below this there is little effect on the rate, although the amplitude is depressed. 
The acceleration of the rate occurs quite suddenly. For example, in one experiment 
using 0.01 M-citrate, the rate was unchanged 30 seconds after the addition of the 
citrate, but it suddenly increased by 22 per cent at 40 seconds, and was up by 39 per 
cent at 60 seconds, after which it remained relatively constant. The depression 
of the amplitude observed here is very similar to that reported by Forssmann and 
Lindstén (1946) on the entire heart, but, unfortunately, they did not include their 
results on the rate changes. How much of the action of citrate was due to a 
decrease in the concentration of ionized calcium in solution is difficult to say. Added 
calcium will counteract the depression produced by citrate, but this does not prove 
that citrate acts by calcium depletion. When the concentration of citrate is 0.001 M 
or above, there must be a decrease in the ionized calcium, the original concentration 
of the calcium ion in the medium being 0.0018 m. If one considers the effect on the 
rabbit auricle of decreasing the calcium concentration (Webb, 1950), and compares 
this with the concentration-action curve for citrate depression of the amplitude, 
one must admit that the results coincide with what one might expect if citrate were 
acting by calcium depletion. On the other hand, the stimulation of the rate cannot 
be due to a decrease of ionized calcium in the medium, for low calcium concentra- 
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tions have very litile, if any, effect on the rate of the rabbit auricle. There still 
remains the possibility that the citrate penetrated the pacemaker cells and within 
them produced a disturbance in the calcium equilibrium, thereby producing changes 
in discharge rate that would not have occurred as the result of a mere decrease in 
external calcium. 


The effect of glucose deficiency on rabbit auricles 


If rabbit auricles were left for 24-48 hours at 30° C. in a glucose-containing 
medium a marked reduction in the amplitude was usually observed, especially 
if the medium had been continually replaced, although the rate often remained 
the same as it was originally. Under such circumstances the auricles stop in 
the relaxed condition of diastole. These auricles could usually be restarted with 
acetylcholine or adrenaline (Vane, 1948; Burn and Vane, 1949) but not by any 
of the substrates that were tried (pyruvate, acetate, succinate, oxalacetate, and 
malate). This type of.exhaustion occurs in the presence of glucose and is probably 
not related in any way to depletion of substrate. It is likely that some alterations 
of the cellular enzyme systems have taken place, such as the depression of the 
formation of acetylcholine (Biilbring and Burn, 1949) or a dissociation of the 
reactions of oxidation and phosphorylation. 

If glucose was removed from the medium in which the auricles were beating, 
there was no immediate effect. It is to be expected that the auricles would have 
sufficient endogenous substrate—glycogen and fat—on which to operate for a period 
of time. The amount of work performed by beating auricles under these conditions 
was not great, for they were not working against the usual internal pressure of the 
blood. Seven experiments were performed in which the behaviour of the auricles 
in the absence of glucose was observed for five to seven hours. In three of these 
experiments there was no change of rate, and in four there was some decrease 
(-10 to —30 per cent). In three of these experiments there was no change in ampli- 
tude, and in four there was some decreas2 (—30 to —50 per cent). The auricles 
thus show variation in their behaviour in the absence of glucose, some apparently 
having a greater supply of endogenous substrate than others. Since there was 
essentially no change in rate or amplitude over a period of five to seven hours 
in the presence of glucose, these decreases in rate and amplitude, when they 
occurred, must be attributed to the lack of glucose. In longer experiments, when 
the auricles were left without glucose overnight, the exhaustion produced by 
substrate depletion is complicated by the simultaneous development of the type 
of exhaustion seen when glucose is present. Furthermore, it seems evident that 
lack of glucose in the medium produced some irreversible change or damage in 
the cardiac cells, for although stimulation was observed when glucose was added 
to such auricles, there was never anything like complete recovery. This type of 
damage may be related to that occurring when cardiac tissue is subjected to 
oxygen deficiency (Webb, Saunders, and Thienes, 1949a). 

In order to produce rapid substrate depletion, with as little complication from 
other changes as possible, the auricles were driven with adrenaline (1 x 10°) in 
several experiments for varying periods of time in the absence of glucose. Such 
a procedure exhausted the auricles to a low level of activity in 15 to 60 minutes. 
If adrenaline were allowed to act for one to three hours, the auricles, after the 
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Fic. 3.—Substrate depletion of the auricles and the actions of glucose and pyruvate. Average of 
four experiments. Adrenaline, 10-*; glucose, 0.0055 mM; pyruvate, 0.005 m. 


adrenaline had been washed out, beat with a very small amplitude, although the 
rate was usually relatively unaffected. The averaged results of four experiments 
are shown in Fig. 3. The rate in the presence of adrenaline remained at a high 
level, while the amplitude rapidly decreased to below the normal level. After 
the adrenaline had been removed, the rate returned to nearly its original value 
and the amplitude was very depressed. Exhaustion with adrenaline in the absence 
of glucose seems to affect the amplitude much more than the rate, the latter being 
quite stable. In spontaneous exhaustion in the absence of glucose the amplitude 
was also more easily depressed. The question whether adrenaline produces cardiac 
failure by depletion of substrate under such circumstances has never been settled. 
Some investigators have found that adrenaline-driven hearts lose their glycogen and 
attribute the failure to this, while others have shown that the heart may fail when 
there is sufficient glycogen present (Chang, 1936; Fieschi, 1933; Bogue, Evans, 
and Gregory, 1937; and others). This problem might be solved by determining 
the extent to which the cardiac tissue will recover when glucose is given. If there 
is complete, or nearly complete, recovery the failure may be attributed to substrate 
depletion, while if no recovery is seen it is likely that damage and disorganization 
have occurred to the functional systems. Any intermediate situation would indicate 
the extent of substrate depletion or cardiac damage. In the present investigation 
we shall see that the situation is intermediate and we must conclude that changes 
have taken place in the auricular tissue in addition to substrate depletion. However. 
for convenience we shall speak of such auricles as depleted. 
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When the auricles were driven with adrenaline there was invariably a gradual 
development of contracture as the amplitude decreased. This may also be 
expressed as an increase in tone or a decreased ability of the auricular muscle 
to relax. Auricles brought to almost complete exhaustion with adrenaline in 
the absence of glucose usually beat at a normal rate with a greatly diminished 
amplitude and were in a state of contracture. This inability to relax was also 
seen in the longer experiments when glucose was absent and no adrenaline was 
used, but it was never observed in exhaustion occurring when glucose was present. 
The problem of relaxation will be discussed after the results obtained with various 
metabolic inhibitors have been presented. 


Effects of metabolic substrates on substrate depleted auricles 


Auricles that had been spontaneously depleted or driven with adrenaline in 
the absence of glucose were invariably stimulated by the addition of 0.0055 M 
glucose, the concentration normally present in Tyrode solution. Furthermore, the 
degree of contracture of the auricles was lessened; that is, the auricles showed 
an increased ability to relax. Sometimes the degree of relaxation could be alter- 
nately increased and decreased by additions and removals of glucose. Complete 
recovery to the initial amplitude was never seen, but the rate, if it was decreased, 
was frequently restored to its normal value. The rate, however, in the depleted 
auricles was never far below its original value, while the amplitude was markedly 
depressed to only 10-20 per cent of the initial height. Usually there was a fairly 
rapid rise in amplitude over the first two minutes after glucose addition, and this 
was followed by a more gradual increase to reach a maximum value after 10-40 
minutes. In terms of percentage, glucose increased the amplitude by 100-300 per 
cent over the depressed value. This is illustrated in Fig. 3, where the action of 
glucose may be compared with that of pyruvate. 

Pyruvate likewise stimulated the substrate depleted auricles but not so well 
as glucose. However, the effect upon the rate was more marked with pyruvate, 
the rate being occasionally increased over the normal original value, while a good 
effect was sometimes obtained on the rate with little or no stimulation of the 
amplitude. The stimulation of the amplitude by pyruvate was usually between 
10-60 per cent, and when compared with glucose on the same auricles this amounted 
to about one-fifth of the glucose effect. Pyruvate also induced relaxation of the 
iuricles but was not so effective as glucose in this respect. The optimal con- 
centration of pyruvate for such stimulation was found to lie between 0.001-0.005 m. 

Only acetate and £-hydroxybutyrate of all other substrates tested were capable 
of producing any recovery in the substrate depleted auricles, and these effects were 
small and variable. Neither of these substances was found to induce relaxation. 
With acetate, the concentration had to be low (0.001 M) for any stimulation to 
xe observed, for if higher concentrations were used only further depression resulted. 
n six experiments with 0.001 M-acetate, the average increase in amplitude was 

8 per cent whereas the rate was not stimulated. Substrates with no ability to 
‘evive depleted auricles were fumarate, succinate, citrate, malate, oxalacetate, 
propionate, butyrate, and glutamate. 
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It is interesting to note that glucose and pyruvate would occasionally facilitate 
relaxation of the auricular muscle although the auricles were not beating. Here 
we may confidently say that depletion of substrate increases the tone of the 
cardiac muscle and that the presence of glucose or pyruvate decreases the tone. 
When the auricles were beating, the amplitude of contraction usually decreased 
while the tone was increasing, and vice versa, but this was not always true, and 
we must conclude that there is no necessary relationship between the degree of 
contraction, and the ability of the muscle to relax. Failure of the muscle to relax 
sufficiently naturally inhibited the development of a full contraction, but it was 
observed occasionally, when glucose or pyruvate were added while the contracture 
was proceeding, that the amplitude may increase without simultaneous relaxation. 

The results presented here on the rabbit auricle agree well with those obtained 
in the heart-lung preparation and in the isolated and perfused mammalian heart, 
not only with respect to the substrates that are utilizable by the cardiac tissue, 
but also with the comparative abilities of these substrates to revive the depleted 
heart muscle. However, on no other tissue are the differential actions of glucose 
and pyruvate on the rate and amplitude so easily observed. On may conclude 
that auricular and ventricular functional metabolism is qualitatively similar. It 
is likely, however, that somewhat different systems are involved in the discharge 
of impulses by the pacemaker cells and in the processes of contraction. 


Effects of metabolic inhibitors on normal auricles 


Curves showing the relationship between the concentration of inhibitor and 
the action produced are presented in Figs. 4 and 5. The time course of inhibitor 
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Fic. 4.—The action of inhibitors on the amplitude of normal rabbit auricles. (A) 
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FiG. 5.—The action of inhibitors on the rate of normal rabbit auricles. Same designations 
as in Fig. 4. 
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action is illustrated in Figs. 6 to 12, where the actions upon rate and amplitude 
may be compared. These are all average curves obtained from three to six 


experiments. 
Cyanide 

Cyanide invariably produced a temporary stimulation before it began to depress 
the auricles, this stimulation being more marked in the amplitude than in the rate. 
The degree and duration of stimulation varied with the concentration of cyanide: 
at low concentrations (0.00001-0.0001 M) the stimulation was small but persisted, 
often not being followed by a depression, but as the concentration was increased 
the period of stimulation became shorter and shorter, so that at concentrations 
around 0.001 M the maximum stimulation was reached 20-40 seconds after 
addition and was followed immediately by a rapidly developing depression. Such 
a temporary stimulation was also seen when the auricles were made anoxic. 

The rapid development of the depression would indicate that the available 
supply of high-energy phosphate bonds in the auricle, at least with respect to 
some process, is not great, unless cyanide, through some unrecognized action, 
prevented the direct utilization of this energy. A concentration of cyanide of 
0.001 M produces a final depression of about 90 per cent in the amplitude and 
50 per cent in the rate ; this concentration was reported to inhibit the respiration 
of minced rabbit heart 45 per cent (Banga, Schneider, and Szent-Gy6rgyi, 1931) 
and the respiration of rat heart slices 74 per cent (Webb, Saunders, and Thienes, 
1949b). The rabbit auricle will usually stop in a concentration of 0.002 M-cyanide. 
It is probable that, when the auricles stop, there is still a definite fraction of the 
respiration proceeding ; the level of activity to which the auricles are brought by 
any concentration of cyanide is not a quantitative measure of the cyanide-resistant 
respiration. Impulse discharge from the pacemaker cells was not inhibited so 
readily as the amplitude of contraction ; this has been observed with other cardiac 
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preparations (Loewi, 1897; Beresin, 1913; and others). Most workers have 
reported that hearts poisoned by cyanide stop in diastole (Loewi, 1897 ; and others) 
but some have observed systolic standstill (Fujimaki, 1924). In the rabbit auricle 
both may be observed according to the conditions of the inhibition. When the 
auricles were stopped rapidly by higher concentrations of cyanide, they stopped 
in the relaxed condition of diastole ; however, if the action of cyanide at concen- 
trations just below those required to stop the auricles was prolonged, the auricles 
began to go into contracture and eventually stopped in systole. Occasionally 
both phenomena were observed in the same experiment. In one instance, the 
auricles were stopped in 80 seconds by 0.002 M-cyanide, but they slowly and 
partially recovered in the presence of cyanide, so that at 30 minutes the rate was 
depressed to only 40 per cent of its original value and the amplitude 92 per cent 
of its original value. At this stage the auricles were in a state of partial contracture, 
an inability to relax having been developed during this time. Eventually they 
stopped in systole. However, contracture is less commonly observed with cyanide 
than with inhibitors like iodoacetate, fluoroacetate, and fluoride. 

Spontaneous recovery from depression in the presence of cyanide was very 
seldom observed, the example cited above being the only definite instance. 
Normally the auricles would reach a certain level of depression and remain there, 
or, if the depression were sufficient, they would slowly pass into a state of 
contracture. The auricular tissue seems to have very little ability to adjust itself 
to conditions in which the oxygen utilization is impaired; no ability to adjust 
to anoxic conditions was observed. During very slight cyanide depressions, there 
was occasionally some recovery, but this may be explained by loss of cyanide 
from the medium, some being carried off by the vigorous gassing. When the 
cyanide was removed from the medium, the auricles recovered completely, the 
rapidity of recovery depending on the concentration of cyanide and the duration 
of exposure. After marked depression following exposures of three to six minutes 
to 0.001 M-cyanide, the auricles would recover completely within ten minutes, 
but if the exposure time was only one minute the recovery took place within 
three to five minutes. No irreversible damage to the cells was observed at these 
concentrations, unless full contracture was allowed to occur. After the cyanide 
had been washed out a stimulation of the rate during the recovery phase was 
frequently observed, amounting to a 20-30 per cent increase over the normal 
rate before the cyanide had been added. Various arrhythmias commonly occurred 
during this recovery phase. It is possible that during the depression some energy- 
containing or energy-supplying substance had accumulated in the cells and that 
when oxygen was again available this resulted in a temporary stimulation of 
activity ; this stimulation, however, was observed only with regard to the rate. 

When excess calcium was added to the medium there was a marked stimulation 
of the amplitude, the rate remaining unchanged (Webb, 1950). Cyanide (0.001 m) 
antagonized this action, so that lower concentrations of calcium (0.0001-0.0005 m) 
were almost without effect, while the action of higher concentrations was markedly 
diminished. Cyanide also diminished the stimulating action of adrenaline on the 
auricles. In one experiment, adrenaline (10°) normally increased the rate by 
69 per cent and the amplitude by 390 per cent, but in the presence of cyanide 
(0.001 M) the observed effects of adrenaline were zero and 105 per cent respectively. 
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Azide 

It is interesting to compare the actions of cyanide and azide because of the 
usually accepted similarity of their enzymatic inhibitions. Azide was not as potent 
an inhibitor of the auricles as cyanide. In equal concentrations, azide acted more 
slowly than cyanide and at any particular time produced only 1/2 to 1/3 the 
depression that would have been produced by cyanide. In Figs. 6 and 7 comparison 
may be made of their actions at 0.0005 m. Azide did not produce the temporary 
stimulation observed with cyanide, nor did low concentrations ever stimulate. 
As with cyanide, azide depressed the amplitude more than the rate. This was 
also observed on the isolated hearts of cats and rabbits by Graham (1949). 
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i. 6.—The action of cyanide on the rabbit auricle. FiG. 7.—The action of azide on the rabbit auricle. 


Recovery of the auricles after the azide had been removed was slower than 
with cyanide; 10 minutes were required after an exposure of 12 minutes to a 
concentration of 0.0005 mM, and 20 minutes after a four-minute exposure to a 
concentration of 0.002 M, indicating that the azide is more tightly bound than 
cyanide. 

Armstrong and Fisher (1940) concluded that cyanide and azide acted differently 
on fish hearts because the cyanide-stable respiration was different from the azide- 
stable respiration. However, this may be merely an expression of the wider range 
of action of cyanide at higher concentrations, for it is known that cyanide above 
a concentration of 0.001 M begins to inhibit dehydrogenases in addition to its 
action on metal-containing enzymes. However, it is clear that even in lower 
concentrations there was some difference in behaviour between the two inhibitors 
in their actions on the rabbit auricle. 


Fluoride 

Fluoride at concentrations between 0.005-0.01 M first depressed both the rate 
and amplitude of the auricles, but after approximately five minutes the amplitude 
began to increase and eventually reached values above the normal original level 
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mained at its depressed level or con- 

Amplitude ‘ 
ee tinued to decrease slightly. After 
20-40 minutes the auricles were 


beating slowly but with a large 
iia amplitude. However, occasionally 
~~ ~--@----------0 contracture began and the ampli- 
tude again decreased owing to the 
increasing inability of the auricles to 
relax. Previous reports on the action 
of fluoride on cardiac tissue have 
FLUORIDE (0.01m) been equivocal. Several investiga- 
tors have found only depression: 
— Vernon (1910a, b) with 0.24-1.2 
M-fluoride on the perfused tortoise 
—100 ! L I 1 heart, De Nitto (1928) with 0.00012 
0 4 8 12 16 20 0.0012 M-fluoride on isolated mam- 
TIME (MINUTES) malian hearts, and Chang (1938) 
Fic. 8.—The action of fluoride on the rabbit auricle. with 0.0078 M-fluoride on rabbit 
auricles. Gottdenker and _ Roth- 
berger (1935a, b) found depression of the perfused frog heart and the dog heart-lung 
by fluoride, but on guinea-pig and rabbit auricular strips they usually observed an 
increase in the amplitude when the fluoride concentration was 0.003 M. Ferrannini 
(1936) also found fluoride (0.0024—0.0072 mM) to increase the force of contracticn of 
rabbit auricular strips. In most work it has been observed that cardiac tissue is able 
to function surprisingly well in the presence of fluoride at concentrations which should 
inhibit glycolysis completely. Chang (1938) stated that fluoride, except for a slight 
depression, had little effect on the mechanic ability of rabbit auricles over a period 
of two to three hours as long as oxygen was present. Furthermore, he apparently 
observed no increases in amplitude. In the present work with the same tissue 
such a concentration of fluoride produced a marked effect. No explanation can 
be offered for these discrepancies. 

With regard to the mechanism of fluoride action, most workers have concluded 
that depletion of calcium from the medium is not important. However, at least 
in the present experiments, it is difficult to see how it could fail to be of some 
importance. The calcium concentration in Tyrode solution is 0.0018 M; if sodium 
fluoride is added to the medium in a concentration of 0.005 M, there are approxi- 
mately equivalent amounts of calcium and fluoride to form CaF,. Since CaF, 
is soluble to the extent of 0.00022 mM and since it is very little ionized (solubility 
product is 3.4 x 10°''), it would seem likely that a definite fraction of the calcium 
would be withdrawn from the medium. When more fluoride is added the calcium 
should be reduced even more. No visible precipitation of CaF, was observed, 
but the walls of the tissue bath slowly became covered with a white layer. 
Reduction of calcium in the medium leads to a marked depression of the auricles 
with respect to amplitude, but has no effect on the rate (Webb, 1950). Thus it 
would seem that the observed depression of rate and the subsequent increase in 
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amplitude, in the presence of fluoride, must have been due to an action of fluoride 
other than that of altering the calcium concentration in the medium. As to how 
much the initial depression of amplitude is due to decreased calcium it is impossible 
to say. 

Since fluoride inhibits cholinesterase, the possibility exists that at least part 
of the depressant action was due to prevention of destruction of endogenous 
acetylcholine. However, fluoride was found to give a typical depression of the 
auricles in the presence of physostigmine (10°°), when the cholinesterase was 
already inhibited, and also in the presence of atropine (10-°), when the action of 
acetylcholine was completely prevented. It is thus unlikely that the action of 
fluoride is related to the acetylcholine equilibrium in the auricles. 

Such concentrations of fluoride as were found to have definite actions on the 
auricles (0.005-0.05 M) should inhibit glycolysis completely. Muscle enolase is 
usually imhibited 50 per cent by 0.001 M-fluoride and completely by 0.005 M-fluoride. 
A certain decrease in fluoride concentration would result from combination with 
calcium, but in the higher concentrations this could not have been very great. 
We must, therefore, conclude that the auricles can function quite well in the 
absence of the formation of phosphopyruvate from 2-phosphoglycerate. One 
possibility is that the auricles used fat for the necessary energy. Another possi- 
bility is that the 2-phosphoglycerate was utilized through some other system without 
the formation of pyruvate. It is interesting to speculate that the secondary increase 
in amplitude is due to this new source of energy, brought into play because of 
the enolase block. In rat heart slices the respiration was never depressed more 
than 42 per cent by fluoride at concentrations as high as 0.1 M (Webb, Saunders, 
and Thienes, 1949b), so it is evident that in cardiac tissue there is an appreciable 
fraction of the metabolism insensitive to fluoride. 

Fluoride inhibition is reversible, and after the fluoride had been washed out 
recovery was usually complete within 5—10 minutes. After long exposures there was 
occasionally some stimulation of the rate above the normal figure during the post- 
wash recovery stage. It was also noticed that the auricles during this period fre- 
quently had difficulty in relaxing and the tone varied correspondingly. In passing, it 
may be remarked that fluoride (0.03 M) quite effectively diminished the action of 
adrenaline (10-7-10°*), the stimulation of amplitude being almost abolished while the 
rate effect remained but was made weaker. 


lodoacetate 

Iodoacetate in concentrations between 0.0001-0.001 M is a slowly acting depres- 
sant of the rabbit auricle, requiring from three to five minutes for appreciable reduc- 
tion of the amplitude and from 10 to 20 minutes for a slowing of the rate. At 
certain stages of the depression, the amplitude was markedly reduced while the rate 
remained unaffected, but eventually both were depressed almost equally before the 
auricles stopped. During the later stages of this depression the auricles began to 
go into contracture and they stopped in systole, a phenomenon that has been invari- 
ably observed in work with iodoacetate (Weicker, 1934 ; Chang, 1938 ; and others). 
Although slight depressions produced by low concentrations of iodoacetate acting 
for short periods of time could be partially reversed by removing the iodoacetate, 
the usual result was that after the iodoacetate had been washed out the inhibition 
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proceeded, exactly as if the inhibitor were still present in the medium. This is, 
of course, what one would expect from considerations of the irreversible cellular 
reactions of iodoacetate. and it confirms previous results on other tissues and 
preparations. 

Iodoacetate is not a specific inhibitor of glycolysis in mammalian cardiac tissue 
(Webb, Saunders, and Thienes, 1949b), and even in low concentrations it is likely 
that other enzyme systems are involved in its action. Not only is the synthesis of 
ATP diminished, by inhibition of the utilization of pyruvate and fatty acid break- 
down products as well as by prevention of glycolysis, but it is likely that iodoacetate 
interferes with the utilization of ATP, for Buchtal, Deutsch, and Knappeis (1944) 
have reported that iodoacetate blocked the stimulating effect of ATP on skeletal 
muscle. It would not be surprising if iodoacetate reacted directly with myosin, 
since this protein complex possesses a number of sulphhydryl groups important to 
its functioning. This may explain the observation (Chang, 1938) that there is some 
ATP present in rabbit hearts that have been stopped by iodoacetate. 

Adrenaline produced very little stimulation of the iodoacetate depressed auricle, 
and occasionally a reversal of the rate effect was observed when the depression was 
well advanced. In one typical experiment the concentration of iodoacetate was 
().001 M, the exposure time was 35 minutes, and the auricles were markedly depressed 
(rate -42 per cent, 
amplitude -96 _ per 
cent); adrenaline (10 °) 
stimulated the ampli- 
aa tude slightly (28 per 
cent), but the rate was 
‘ibis, decreased to —75 per 
cent of the original 
value. It is not sur- 








% CHANGE 


IODOACETATE ‘0001 m) 













amplitude 















-100 i = 1 4. rt 4 
° 4 8 12 16 20 24 28 32 36 40 44 


TIME (MINUTES) 


Fic. 9.—The action of iodoacetate on the rabbit auricle. 
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Fic. 10.—The action of fluoroacetate on the rabbit auricle. 
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prising that such 
auricles would fail to 
be stimulated by 
adrenaline, but the 
reversal of the rate 
effect was not ex- 
pected. It is possible 
that iodo - acetate 
blocks some step in 
the series of reactions 
through which adren- 
aline normally pro- 
duces a stimulation of 
the rate, leaving the 
systems by which it 
may depress the rate 
at higher concentra- 
tions relatively un- 
affected. 
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Fluoroacetate 

Fluoroacetate is the most slowly acting inhibitor of those investigated, depressing 
the auricles gradually and steadily for a period of two to three hours at a concentra- 
tion of 0.001 m. It characteristically depressed both rate and amplitude equally, 
in this respect differing from any other inhibitor used in this study. The metabolic 
systems involved in impulse discharge and contraction may at some point possess 
a common path which is attacked by fluoroacetate. At the present time the exact 
mechanism of action of fluoroacetate is unknown, but it is likely that it inhibits 
some reaction, or reactions, in the tricarboxylic acid cycle. Accumulation of citrate 
and acetate during fluoroacetate action has been reported, but the depression of 
the auricles was not due to these intermediates, as may be seen by comparing the 
action of fluoroacetate with the actions of these substances. Furthermore, if such 
were the explanation, we should expect some degree of recovery when fluoroacetate 
was removed from the bath, but this did not occur. The action of fluoroacetate 
was quite irreversible. Occasionally the inhibition could be arrested by washing 
out the inhibitor, but the auricles never showed any tendency to return to their 
normal rate and amplitude. 
Phlorizin 

A nearly saturated solution of phlorizin in the medium (0.001M) produced a slight 
depression of the auricles, the effect on the rate being somewhat greater than on 
the amplitude, the latter showing some ability to recover spontaneously in the 
presence of the inhibitor. The mechanism of action of phlorizin at these higher 
concentrations is not well understood, and therefore it is difficult at the present 
time to interpret these results or correlate the actions with any particular inhibition 
of enzymatic systems. 


Pyrophosphate 
Pyrophosphate at concentrations between 0.002-0.005 M produced a marked 
depression in the amplitude of the auricles but had little effect on the rate, slight 
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stimulation occasionally being the only effect observed. Since pyrophosphate com- 
bines with calcium and the medium became slightly turbid after its addition, the 
possibility was considered that the action upon the auricle was due to a decrease of 
ionized calcium in the medium. If calcium was added to the medium during 
pyrophosphate depression the amplitude returned to normal, but the increased rate 
was unaffected. Lack of calcium in the medium leads to depression of the ampli- 
tude, but the rate is never stimulated and is occasionally slightly reduced. Recovery 
of the auricles after low calcium was more rapid than after pyrophosphate depres- 
sion. We may conclude, therefore, that the effects produced by pyrophosphate 
were partially due to a lack of ionized calcium, but that the pyrophosphate also 
had a definite action of its own. Since these actions could not be separated con- 
veniently, the action of pyrophosphate was not studied farther and the curves of 
its action are not included in the Figures. 


Malonate 


The rabbit auricle was not strongly depressed by malonate ; at high concentra- 
tions (0.02-0.03 M) a maximum inhibition of only 30 per cent in rate and amplitude 
was reached. Furthermore, the auricles spontaneously recovered in the presence 
of malonate at these high concentrations and returned to normal, or nearly normal, 
rates and amplitudes after 8-10 minutes. When the malonate was washed from 
the bath during the period of greatest depression, the recovery was very rapid, 
requiring only two to three minutes. Forssmann and Lindstén (1946) found that 
malonate in concentrations between 0.01—0.04 m depressed the ventricular contrac- 
tions of the perfused rabbit heart but had little effect on the rate. It is remarkable 
that malonate at these concentrations should have so little depressant action on the 
auricles, for it is generally believed that malonate at a concentration of 0.005 M com- 
pletely inhibits succinic dehydrogenase and therefore blocks the tricarboxylic acid 
cycle, a system upon which the cardiac muscle is thought to depend. Recently it 
has been reported that somewhat higher malonate concentrations, such as those 
used here, will prevent the oxidation of oxalacetate in homogenates, this action 
producing an additional derangement of the tricarboxylic acid cycle (Pardee and 
Potter, 1949). It seems unlikely that failure to penetrate the muscle cells could 
have been responsible for this lack of action, inasmuch as exposures of 20-30 
minutes to malonate did not lead to any marked alteration of auricular function. 
The strange behaviour of cardiac cells under the influence of malonate was noted 
previously on rat heart slices (Webb, Saunders, and Thienes, 1949b). In this prepara- 
tion malonate produced an initial depression of the respiration, but this was followed 
by a recovery to values near the normal rate. Furthermore, in the rat heart slices 
it was known that the succinic dehydrogenase was inhibited, for no rapid increase 
in oxygen uptake was observed when succinate was added as invariably happened 
when malonate was absent. Rat heart slices can respire adequately in the presence 
of high concentrations of malonate, and auricles can function quite normally under 
these conditions. We must conclude that cardiac tissue can respire and function 
when this particular step in the tricarboxylic acid cycle is blocked. It may well be 
that when this block is imposed in an organized cellular system, the cycle can be 
short-circuited ; perhaps under such conditions oxalacetate may be formed directly 
from a-ketoglutarate, or pyruvate or its activated fragment be taken into the 
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cycle by combination with something other than oxalacetate. It will be shown 
later that the small amount of depression observed with malonate is probably not 
due to the inhibition of succinic dehydrogenase. 


Interactions of substrates and inhibitors on the auricles 


Experiments were performed to investigate the abilities of various substrates 
to counteract or antagonize the depressions produced by metabolic inhibitors. 
Theoretically, if an inhibitor acts specifically on one enzyme in a series of enzymic 
reactions, the addition of the intermediate substrate that is normally formed by 
the action of this enzyme should allow at least partial recovery of the functional 
activity of the tissue. If the inhibitor acts not only on this one enzyme, but upon 
others as well, the amount of recovery produced by the added intermediate will be 
roughly proportional to the specificity of the inhibitor effect. The possibility must 
always be considered that an added substrate, in the presence of an inhibitor, may 
initiate energy-forming reactions that are not normally important ; thus, a stimula- 
tion of the auricles by a substrate during an inhibitor depression does not necessarily 
mean that there is a direct relationship between the inhibitor and the substrate in 
the cellular metabolism. 

The relatively weak effect of malonate on the auricles was puzzling, and attempts 
were therefore made to determine whether the depression that was produced was 
related to the commonly accepted action of malonate on succinic dehydrogenase. 
Malonate prevents the formation of fumarate from succinate, and recovery from 
malonate depression should, therefore, be observed after the addition of fumarate. 
If malonate acted simultaneously elsewhere in the tricarboxylic acid cycle this would 
not necessarily be true. Three types of experiment were performed. 


(1) In two experiments the effects of malonate (0.01—-0.03 M) were first deter- 
mined, and these were compared with the effects of adding malonate and fumarate 
(0.001-0.01 M) together. No modification of the action by fumarate was observed. 
In a typical experiment the average maximum depression of amplitude produced 
by malonate alone was 25.7 per cent ; when both malonate and fumarate were added 
together the depression was 27.7 per cent. The changes in rate were likewise 
comparable. 


(2) In the second type of experiment fumarate (0.001-0.01 M) was added to 
auricles already depressed by malonate (0.02 M). No stimulating effect was 
observed ; in fact, an additional depression was usually seen. 


(3) In the third type of experiment the auricles were allowed to remain in 
contact with fumarate (0.005 M) for five minutes before the addition of the malonate 
(0.01 M) in order to ensure penetration of the fumarate. Again no change in the 
response to malonate was observed. 


It therefore seems likely that the malonate depression is not due solely to inhibi- 
tion of succinic dehydrogenase. It is more reasonable, I believe, to assume that 
malonate at such concentrations exerts a toxic action on the cell surface, a depres- 
sion such as is seen with any of such substances under similar conditions. Acetate 
(0.001 M) and pyruvate (0.005 mM) were also unable to counteract the depression pro- 
duced by malonate (0.02 M), only additional depression being observed. 
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The depression produced by fluoride (0.005-0.02 M) was not counteracted by 
succinate (0.001 M), acetate (0.001 mM), or citrate (0.001 M). However, pyruvate 
(0.005 M) showed some ability to stimulate the rate of the auricle in the presence 
of fluoride, but the amplitude was usually unaffected. This is in harmony with 
most of the results obtained with pyruvate, namely that it acts more particularly 
upon the mechanisms involved in rate than upon those involved in the amplitude 
of contraction. Complete antagonism of fluoride with pyruvate was never observed. 

Iodoacetate, like fluoride, is generally supposed to act predominantly on the 
glycolytic stages of metabolism, inhibiting the formation of pyruvate from glycogen 
or glucose. However, there are reasons for supposing that in cardiac tissue the 
action is not specific. The heart muscle presumably obtains energy from both 
glycolytic and post-glycolytic phases of metabolism, although a relatively small 
amount from the former (approximately 15-20 per cent of the total). !f indoacetate 
acted only on glycolysis, the addition of pyruvate should restore the activity of the 
heart muscle to about 80 per cent of its normal value, only the energy from the 
glycolysis now being lost to the tissues. Three experiments were performed to 
test this. 

(1) In the first experiment the concentration of iodoacetate was quite high 
(0.001 M), the auricles had been in contact with the inhibitor for 15 minutes, and 
the resulting depression was severe (rate -— 40 per cent, amplitude - 95 per cent). 
Addition of pyruvate (0.01 M) gave no stimulation, the rate and amplitude continu- 
ing to decrease and contracture to develop. After the auricles were completely 
stopped at 30 minutes the addition of pyruvate was without effect. 

(2) In the second experiment the concentration of iodoacetate was lower 
(0.0002 mM), the time of exposure to the inhibitor was 25 minutes, and the auricles 
were very depressed (rate - 83 per cent, amplitude - 87 per cent). The addition 
of pyruvate (0.005 mM) slightly stimulated the rate but had no effect on the amplitude. 
The normal rate before iodoacetate was added was 72, the iodoacetate had reduced 
it to 12 ; pyruvate increased the rate to 18 in two minutes and to 24 in four minutes. 
Later in the depression pyruvate had no effect at all. 


(3) In the third experiment the iodoacetate (0.0002 M) was allowed to act for 
15 minutes, the auricles being moderately depressed (rate -19 per cent, amplitude 
-53 per cent). Pyruvate (0.005 M) slightly stimulated both rate and amplitude, 
the rate increasing by 15 per cent in two minutes and the amplitude increasing by 
32 per cent within 30 seconds; these were the maximum effects and were only 
temporary, the depression of the auricles proceeding as if the pyruvate had not been 
present. Later in the depression pyruvate was added at both 0.001 m and 0.01 m 
without any effect. 


One may conclude that pyruvate is only partially able to counteract the depres- 
sion produced by iodoacetate, and that the higher the concentration of iodoacetate 
and the longer its action, the less recovery may be observed. These experiments 
confirm previous conclusions that iodoacetate is not a specific poison of the glycolytic 
phase of metabolism in mammalian cardiac mu.cle. Acetate (0.001-0.01 m) showed 
no ability to counteract the iodoacetate depression. 
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Depression of the auricles produced by fluoroacetate was partially antagonized 
vy pyruvate. This was demonstrated in two experiments. 

(1) In the first experiment the concentration of fluoroacetate was 0.001 M, the 
ime of exposure was two hours, and the depression was very marked (rate - 79 per 
cent, amplitude - 83 per cent). Pyruvate (0.01 M) increased the rate by 133 per 
cent and the amplitude by 18 per cent within one minute, the rate returning to half 
its normal level and the amplitude to only 20 per cent of its normal value. The 
addition of pyruvate at the same concentration 35 minutes later produced even 
greater stimulation, the rate increasing by 200 per cent and the amplitude by 126 
per cent in two minutes. 

(2) In the second experiment the fluoroacetate (0.001 M) was allowed to act for 
only 25 minutes and the auricles were c:-ly moderately depressed (rate -24 per 
cent, amplitude -25 per cent). Pyruvate (0.005 mM) gave some stimulation, increas- 
ing the raic by 8 per cent and the amplitude by 4 per cent within one minute. 
After an exposure of 50 minutes, when the auricles were more depressed (rate - 41 
per cent, amplitude - 62 per cent), pyruvate at the same concentration stimulated 
more successfully, the rate increasing by 40 per cent and the amplitude by 21 per 
cent. The effect on the amplitude was quite temporary and after three or four 
minutes the auricles were again being progressively inhibited, but the rate effect 
remained for a much longer time. 


DISCUSSION 

Each metabolic inhibitor used in the present investigation has been found to 
exert a unique and characteristic action upon the auricle, the effects differing from 
one another with respect to (a) the concentration-action curves, (b) the time course 
of action, (c) the relative actions on rate, amplitude of contraction, and muscular 
relaxation, (d) the ability of the cardiac muscle to recover spontaneously in the 
presence of the inhibitor, and (e) the ability to recover after the inhibitor has been 
removed. Each inhibitor can be distinguished from the rest by its action on the 
rabbit auricle. The problem, however, is to determine whether any useful informa- 
tion on the mechanisms of cardiac function may be derived from such data in 

onjunction with the results on substrates, substrate depletion, and anoxia. 
The auricles may be stopped in either diastole (state of relaxation) or systole 
(state of contraction). Substances which arrest the auricles rapidly always stop 
hem in a state of relaxation. The process of contracture, by which the auricles 
top in systole, requires time for its development and is not observed early in the 
iction of any substance. There are substances which will rapidly arrest the auricles 
n diastole and, with continuing action, will induce contracture, the end result being 
systolic arrest. In the present experiments with rabbit auricles, the following have 
xeen found to lead to contracture: iodoacetate, fluoroacetate, fluoride, cyanide, 
inoxia, and substrate depletion. All of these would be expected to produce a state 
of reduced metabolic activity with a decrease in the amount of energy available to 
he muscle. This inhibition of the flow of energy would result in a gradual loss of 
\TP (and other substances containing high-energy phosphate bonds), such having 
een observed in the past under similar conditions. Simultaneously with the deple- 
on of ATP the cardiac muscle becemes less and less able to relax, and when the 
.TP level becomes sufficiently low the muscle goes into complete contracture and 
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will beat no longer. The ATP concentration need not drop to zero for this t 
occur. This conception is in harmony with the views of Szent-Gy6rgyi (1947) o1 
skeletal muscle, ATP being required for the relaxation of the muscle fibrils as wel! 
as for their contractile activity. The auricular muscle is in a low-energy state whe: 
it is contracted and in a high-energy state when it is relaxed. Adding glucose o 
pyruvate to a muscle in contracture would provide some ATP and the muscle would 
be able to relax and beat again. 

Let us consider auricles that have been stopped in the relaxed state of diastok 
by some metabolic inhibitor. Why does the muscle not contract? There is 
certainly present a sufficient concentration of ATP. There is nothing fundamentally 
wrong with the contractile mechanisms, for the muscle can be made to contract 
by electrical stimulation, and it will recover from such contractions for a period 
of time. The initiating reaction for contraction must be depressed. The func- 
tioning of cardiac muscle involves not only the mechanisms of contraction and 
relaxation, but also processes that are rhythmic in nature and serve to stimulate 
these contractions. Normal contraction is induced by a wave of depolarization 
(accompanied simultaneously by other changes) which sweeps over the muscle 
and in some manner causes the actomyosin to be transformed into its low-energy 
state. This stimulating process can be roughly divided into three phases: the 
discharge of the impulse from the pacemaker cells, the conduction of this impulse, 
and the excitatory reaction by which the actomyosin is affected by the impulse. 
These process are all dependent on metabolic reactions for their energy. Main- 
tenance and restoration of the cellular membrane potentials require energy, and 
further energy may be required for the synthesis and distribution of substances 
involved in these processes. It is likely that these excitatory mechanisms are 
inhibited in auricles that have been arrested in diastole. Occasionally a substance 
will stop the heart by depressing the discharge of impulses from the pacemaker 
cells, but usually it would seem to be a matter of depression of conduction or 
of the excitatory reaction (the process by which the actomyosin is stimulated by 
the conducted impulse will be here termed the “excitatory reaction”). In many 
cases the amplitude of the auricles was gradually depressed until arrest occurred : 
immediately before arrest the rate was depressed relatively little. Observation of 
such auricles leads one to the conclusion that the pacemaker cells are still dis- 
charging after the auricles have ceased to beat, the failure being due to disturbances 
in conduction or the excitatory reaction. If such is the case, it lends support to 
the view that partial inhibition of the amplitude is due to the failure of a certain 
fraction of the contractile units to react, the contraction of each unit being all- 
or-none in nature. Progressive inhibition of the excitatory reaction would lead 
to a gradual decrease in the number of units responding to the conducted impulse. 
and this in turn would lead to a progressive inhibition of the amplitude of 
contraction. Conduction and the excitatory reaction may be more sensitive than 
the processes of contraction and relaxation to metabolic inhibitors and anoxia 
because they do not possess a store of ATP, most of this substance being foun:! 
in the actomyosin or in the enzymes involved in phosphate transfer. 

When the amplitude of contraction of cardiac tissue is reduced to some fractio 
of its normal value (no change in the degree of relaxation having taken place 
we may interpret this in two general ways. Either there is a smaller fraction 
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ill-or-none units contracting, or each unit in the muscle is contracting proportionately 
ess. The solution to this problem is fundamental to cardiac physiology and 
oharmacology. Does cyanide, for example, when it inhibits the auricular amplitude 
»y 20 per cent, prevent completely the contractions of 20 per cent of the contractile 
nits, the remaining units contracting normally, or does it reduce the contraction 
f each unit an average of 20 per cent? This is not merely the old question of 
whether the concentration-action curve is an expression of the action of a 
substance on cellular processes or whether it is derived from the distribution of 
susceptibilities of the individual cells. A depressant may inhibit the excitatory 
reaction either by raising the threshold of response of the contractile units or 
by reducing the excitatory state that is initiated by the passage of the impulse. 
In the former case we should be measuring a distribution of susceptibilities, but 
in the latter case it would be a matter of a true action ona cellular process. 
[here is no a priori reason why both actions may not be of importance, depending 
on the substance that is producing the depression. It should also be pointed 
out that, although the contractile units may normally behave in an all-or-none 
manner, it is entirely possible that various conditions may modify the degree 
of contraction. 

How must we interpret the changes in amplitude brought about by the action 
of these metabolically important substances on the rabbit auricle? The results 
of the present investigation can be best explained by assuming that these 
substances modify the excitatory reaction and not the contractile mechanisms 
directly. Only when the cardiac muscle begins to go into contracture is the 
contractile mechanism itself altered. If this is the correct interpretation, it would 
seem that our conceptions of the actions of substances on cardiac muscle must 
be modified. Such an interpretation would also apply to the actions of drugs 
on the heart. 

Throughout this investigation it was found that the changes in rate and ampli- 
tude of the auricles were relatively independent of each other. An increase or 
decrease in the amplitude had no particular effect on the rate, nor did changes 
in the rate, within limits, affect the amplitude. Quite frequently one would remain 
‘onstant during a marked change in the other, and occasionally they would change 
n the opposite directions. The fundamental energy-forming enzymatic reactions 
nay be quite similar in the processes that control rate and amplitude, but the 
paths of energy flow and utilization are different. It is true that most substances 
hange the rate and amplitude in the same direction. This is perhaps more 
eadily understandable when we consider changes in amplitude as arising, not 
rom alterations in the contractile mechanisms, but from modifications of some 
ellular surface phenomenon that is involved in the excitatory reaction, such a 
surface state being related to the cellular membrane changes occurring in the 
xacemaker cells. In whatever way we consider the cyclical discharge of impulses, 
ve must assume that there is the development of a depolarized state and that 
his is propagated over the cardiac muscle, this being responsible, directly or 
ndirectly, for the excitatory reaction and the contraction of the myofibrils that 

e in the region over which the impulse is passing. We can thus see a possible 

mnnexion between rate and amplitude, a relationship that implies no necessary 

multaneous behaviour, but which, in the majority of cases, will lead to parallel 
H 
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behaviour with respect to direction of change. However, the magnitudes of the 
changes in rate and amplitude need bear no relationship to one another. 
Development of contracture was always a late process, following earlier altera- 
tions in the auricular rate and amplitude. We have supposed that this was due 
to a greater reserve of ATP or other substances containing high-energy bonds. 
It is indeed possible that the membrane phenomena of impulse discharge, con- 
duction, and the excitatory reaction do not utilize ATP or similar substances, 
but that the cyclical processes involved are more directly dependent on the 
oxidative sequence of enzymatic reactions. Most of the metabolic inhibitors 
investigated, as well as substrate depletion and anoxia, depressed the amplitude 
more than the rate. This might be explained by assuming that the rate processes 
require less energy than those involved in the excitatory reaction, but this can 
hardly be the entire answer since there are instances in which the rate is depressed 
as much as the amplitude. The metabolic systems involved in the rate and 
amplitude may also be assumed to be somewhat different, and this is quite likely 
from a consideration of the characteristic actions of the various inhibitors, but 
it would explain only the differences in behaviour and not the basic fact that 
the rate is more resistant to change than the amplitude. Another explanation 
might be that the rate and amplitude mechanisms alter their functional level to 
different degrees in response to an equivalent change in some common factor. 
For example, if we assume that both the rate of discharge and the effectiveness 
of the impulse on the contractile units depend on changes in the degree of electrical 
polarization of the cell membrane, it is conceivable that a depression of the resting 
potential or a depression of the rate of repolarization would inhibit both processes. 
However, owing to the particular circumstances, the number of units reacting 
would be depressed more readily than the discharge rate. The excitatory reaction 
is probably quite delicately adjusted to the changes occurring at or near the cellular 
surface. This delicate balance assures a ready adaptability of the cardiac muscle. 
We might expect, for the same reasons, that glucose and pyruvate would stimu- 
late the amplitude more than the rate in substrate depleted auricles. This was 
found to be true for glucose, but pyruvate acted more particularly on the rate. 
Quantitative comparisons are complicated by the third action of these substrates, 
the stimulation of relaxation, an action somewhat more readily produced by glucose 
than by pyruvate. However, it was clear that pyruvate, both in substrate depleted 
auricles and in those poisoned by inhibitors, stimulated the rate more effectively 
than the amplitude and more effectively than it produced relaxation of the muscle. 
From this it might be concluded that the oxidations in the tricarboxylic acid 
cycle are the main source of energy for the rate processes. Supplying glucose 
does not lead to a sufficiently rapid formation of pyruvate, and therefore giving 
pyruvate directly has a greater stimulating effect. Why, however, is pyruvate less 
effective than glucose in stimulating the amplitude ? The energy derived from 
the breakdown of glucose to pyruvate must be of greater importance to the pro- 
cesses involved in the contraction and relaxation of the muscle than it is to 
the rate processes. It is doubtful whether we are measuring the effect of either 
substrate on the excitatory reaction under such circumstances, the stimulation of 
ATP formation being the primary action in increasing activity of contraction. 
According to Szent-Gyérgyi (1947) the actomyosin requires so much ATP to 
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b. active at all, aside from the ATP that is utilized for relaxation. Since ATP 
cun be formed from energy derived from the breakdown of glucose to pyruvate 
it is not so surprising that glucose is somewhat more effective than pyruvate in 
this respect. However, in the cellular membrane processes of impulse discharge 
and the excitatory reaction the conditions are different; as we have seen, it is 
possible that these mechanisms do not require ATP and may operate directly 
from the oxidative systems, especially the tricarboxylic acid cycle. Since the tricar- 
boxylic acid cycle can continue to operate in the metabolism of fat, the observation 
that the rate is more steady during inhibition of glycolysis (iodoacetate) than it 
is during inhibition of the tricarboxylic acid cycle (fluoroacetate) is explained. 
There remain, however, a number of problems—for example, the anomalous 
behaviours of malonate and fluoride—and these ideas are presented only as a 
working hypothesis. 

The metabolic activities of contracted and relaxed cardiac muscle may be 
different. The metabolism may occur in cycles, in phase with contraction and 
relaxation, so that the conception of the metabolism as a steady state would be 
erroneous. Deductions based on steady state conditions would not necessarily 
be applicable, nor would arguments based on limiting reactions always be valid. 
This must be kept in mind in considerations of the action of metabolic substrates 
and inhibitors on the heart. Determinations of the ability of heart slices to 
oxidize various substrates may give information on only one phase of the cycle ; 
it is likely that such slices are in a state of contracture. The same reasoning 
would be applicable to the actions of inhibitors. Substrates that are well oxidized 
by the contracted muscle may produce no stimulation of the normally beating 
auricle because their oxidation occurs at phases of the cycle where their energy 
cannot be utilized; only when the cardiac muscle has become abnormal, when 
these cyclical processes have become distorted, or when the muscle has gone into 
contracture will these substrates be oxidized with the production of utilizable 
energy. Similar metabolic cycles of activity probably occur in the pacemaker cells 
during rhythmic discharge of impulses and near the surfaces of the muscle cells 
as the propagated impulses pass. 

Furthermore, one is not justified in assuming that there is a general synthesis 
and supply of ATP upon which all the processes in the cardiac cell must draw. 
\TP is probably used in only certain functional mechanisms and is synthesized 
in these particular regions. The concentration of ATP as determined by analysis 

the entire muscle can seldom be correlated with the functional activity of the 
t'ssue for this reason. When one considers the various processes which control 
(ve beat of cardiac tissue, the different metabolic requirements of these processes, 
se spatial relationships, and the cyclical nature of the metabolism, it is easy to 

iderstand why it is so difficult to correlate analyses for substances containing 
' gh-energy bonds and for other metabolic intermediates with the level of activity 
the cardiac muscle. 

SUMMARY 


|. The actions of thirteen metabolic substrates and intermediates on the rabbit 
ricle have been investigated, and it was found that they all depress the normal 
ricle, with regard to both rate and amplitude, except citrate which at higher 

« ncentrations stimulated the rate. 
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2. The behaviour of the beating auricles during depletion of substrate wa 
observed and the abilities of various substrates to revive the auricles have bee: 
determined. It was found that only glucose and pyruvate produced marked effects 
glucose produced a more marked effect on muscular relaxation, and pyruvat 
acted particularly upon the rate. 


3. The actions of eight metabolic inhibitors on the rabbit auricle have bee: 
investigated and each inhibitor was found to produce a characteristic effect. The 
actions of these inhibitors on the functioning of the auricles does not always 
parallel their commonly accepted actions on enzymatic systems, and it is 
concluded that unknown pathways of metabolism exist in cardiac muscle. 


4. The abilities of substrates to revive auricles that have been depressed by 
inhibitors was studied, and the bearing of these results on the specificity of 
inhibitor action and the nature of myocardial enzyme systems are discussed. 


5. None of the observed actions of metabolic substrates and inhibitors are 
due to an action on the acetylcholine equilibrium in the auricular muscle, because 
the presence of atropine did not modify them. 


6. The mechanisms by which the auricles can be stopped in diastole or systole 
are discussed in the light of the information obtained on the actions of substrates 
and inhibitors. 


7. It is questioned whether changes in amplitude are directly related to contractile 
mechanisms. The results obtained could be best explained by assuming that the 
actions of the substances investigated were upon the mechanisms by which the 
propagated impulse stimulates the actomyosin to contract into its low-energy state. 
This important phase of the cardiac functioning is termed the “ excitatory reaction.” 
Depression of this excitatory reaction, either by reducing the excitatory state at 
the cellular membrane or by increasing the stimulation threshold of the contractile 
units, leads to a reduced number of units contracting and consequently to a 
reduced amplitude. 


8. Changes in rate, amplitude, and degree of relaxation were shown to be 
relatively independent of each other. From the actions of substrates and inhibitors. 
as well as substrate depletion and anoxia, on the auricles, an attempt was made 
to correlate certain phases of metabolism with the mechanisms involved in rate, 
amplitude, and relaxation. It was concluded that contraction and relaxation are 
dependent on a certain supply of ATP but that the rhythmic discharge of impulses 
and the excitatory reaction are more directly dependent on the oxidative reactions 
of metabolism, particularly the tricarboxylic acid cycle. 


9. Some general problems in the correlation of cardiac metabolism with cardia 
function are discussed. 
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STUDIES ON SOLANUM ALKALOIDS: 


I. THE ANTI-ACCELERATOR CARDIAC ACTION 
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The veratrum alkamines, veratramine and jervine, and their glycosides, veratro- 
sine and pseudojervine, have a selective antagonistic action to the cardio-accelerator 
effect of sympathomimetic amines and of accelerans stimulation (Krayer, 1949a ; 
Krayer, 1949b ; Krayer and Van Maanen, 1949; Krayer and Reiter, 1950). This 
appears to be a pharmacological property exclusively of the secondary amine bases 
amongst the veratrum alkaloids. The chemical studies on the structure of the 
solanum alkaloids were essential for the establishment of the steroid nature of the 
veratrum alkaloids (Rochelmeyer, 1937 ; Craig and Jacobs, 1941, 1943 ; Prelog and 
Szpilfogel, 1942 ; Uhle and Jacobs, 1945 ; Sato and Jacobs, 1949). Two secondary 
amine bases of the group of the solanum alkaloids, B-dihydrosolasodine and tetra- 
hydrosolasodine, were studied and were found to have qualitatively the same anti- 
accelerator property as veratramine and jervine, thus giving further proof of the 
close relation between the two groups of alkaloids. 

The two solanum alkamines used in this study were prepared in the Department 
of Chemistry, Auckland University College, by Briggs and Locker. The experi- 
mental work in support of the probable formulation of {-dihydrosolasodine (1), 
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m.p. 260-264°, and of tetrahydrosolasodine (II), m.p. 285-287°, will be publish« 
elsewhere. The structural relationship to veratramine and jervine is evident fro! 
a comparison with the recent work of Sato and Jacobs (1949), 
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METHODS 


The experiments were carried out in dogs under dial urethane anaesthesia and in 
spinal cats. In order to exclude vagal effects atropine was given and, in the dog, the 
vagi were severed in the neck. The heart-lung preparation of the dog (HLP) was used 
for studies on the isolated heart. The methods employed were identical with those 
previously described (Krayer, 1949a ; Krayer and Reiter, 1950). Establishment of con- 
stant levels of heart rate increase was achieved by continuous infusion of /-adrenaline. 
All doses of adrenaline and of the solanum alkaloids refer to the bases; all doses of 
atropine refer to atropine sulphate. 

The solanum alkamines were brought into solution with slightly more than the 
equivalent amount of hydrochloric acid, 0.3 c.c. 0.1 N-HCl for every 10 mg. As the 
hydrochlorides are not readily soluble, solutions of 1 : 500—1: 1,000 of B-dihydrosola- 
sodine and of 1: 1,000—-1:4,000 of tetrahydrosolasodine were used. The relatively low 
potency (compared to that of veratramine) necessitated the administration of large 
volumes of solvent when maximal effects were desired. To prepare isotonic solutions 
5 per cent (w/v) dextrose solution was used, because in 0.9 per cent sodium chloride 
solution the solubility of the hydrochlorides was much less than in distilled water made 
acid to a pH of about six. 

RESULTS 
Experiments on heart rate and blood pressure of the dog and of the spinal cat 


Action upon heart rate.—In the intact circulation of the dog with the vagi cut 
in the neck and atropine given in doses of approximately 3 mg. atropine sulphate 
per kg. the intravenous continuous infusion of adrenaline in a dose of 3 yg. per kg. 
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FiG. 1.—The action of $-dihydrosolasodine on cardio-acceleration caused by adrenaline. Dog 
female, 7.5 kg. Dial urethane. At V, the vagi were cut in the neck. At A, 10 mg. of atropine 
sulphate were injected intravenously. At 1 and 2, 0.77 mg. and 3 mg. 8-dihydrosolasodine 
per kg. respectively were injected intravenously. Black bar, continuous infusion of 3 yg. 
/-adrenaline base per kg. per min. infused intravenously. 
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per min. increased the heart rate very rapidly to the maximal value for this dose. 
After a period of ten to fifteen minutes, in some cases, a steady state was established 
at somewhat lower than the maximal rate obtained initially, in others a slow decline 
in rate continued over a period of about an hour, as was shown earlier (Krayer, 
1949a). 


The intravenous injection of the solanum alkaloids caused an abrupt decrease 
in rate proportional in intensity to the dose (Fig. 1). The maximum drop in heart 
rate was completed within 1-2 minutes. After this the heart rate increased again, 
at first steeply, then more gradually, and, with the doses of 0.3 to 3 mg. per kg. 
used in these experiments, a new equilibrium was established at a level somewhat 
below the pre-injection level. Upon discontinuation of adrenaline infusion the heart 
rate promptly fell to or near the initial level (see Fig. 1). 


In the spinal cat the effects were similar (Fig. 2). Fig. 2 shows that there were 
apparently no marked differences in the quality and intensity of action between 
8-dihydrosolasodine and tetrahydrosolasodine. No irregularities of rate and 
rhythm occurred and the hearts continued beating at a regular sinus rhythm 
throughout. 


Action upon blood pressure.—The increase in blood pressure caused by the 
adrenaline infusion in the dog and in the spinal cat was not antagonized by the 
solanum alkaloids even in doses which annulled temporarily the cardio-accelerator 
action. With the smallest doses there was no effect ; with larger doses there was 
an increase in blood pressure (Fig. 3). The latter may in part have been due to 
the volume of solvent administered on account of the relatively low solubility of 
the compounds. In Fig. 3 the dose of 10 mg. of 8-dihydrosolasodine was contained 
in 5 c.c. of 5 per cent glucose solution and the injection was made in 50 seconds. 
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FiG. 2.—The action of -dihydrosolasodine and tetrahydrosolasodine on cardio-acceleration caused 
by adrenaline. Cat, female, 3 kg. Spinal preparation. At 1, 2, 3, and 4: 0.1, 0.3, 1, and 3 mg. 
8-dihydrosolasodine per kg. respectively were injected intravenously. At 5 and 6: 0.25 and 3 
mg. of tetrahydrosolasodine per kg. respectively were injected intravenously. At A, 10 mg. 
atropine sulphate were injected. Black bars, continuous infusion of 2.5 ug. /-adrenaline base per 
kg. per min. infused intravenously. X refers to Fig. 3. 
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The heart rate decreased from 208 to 148 within two minutes after the beginning 
if the injection, and adrenaline acceleration was completely abolished for four to 
five minutes. The blood pressure rose to its maximal value within two minutes ; 
t was still slightly elevated ten minutes later when the heart rate had again risen 
io 170 per minute. 


Effect of atropine—As was shown in the earlier experiments with the veratrum 
alkaloids, atropine given during the continuous infusion of adrenaline in the dog 
or in the spinal cat, as a rule caused a transient decrease in blood pressure and drop 
in heart rate. It was without an apparent influence upon the effect of the solanum 
alkaloids. 

Experiments on the heart-lung preparation (HLP) of the dog 


As with the veratrum alkaloids the effect of the solanum alkaloids could be 
obtained in the isolated mammalian heart accelerated by the continuous infusion 
of adrenaline and under the influence of atropine. The heart rate decreased 
abruptly. The effect was maximal within a few minutes and was persistent (Fig. 4). 
lf the adrenaline infusion was discontinued, the heart rate gradually fell as the 
adrenaline was being slowly destroyed, and a level of heart rate was again estab- 
lished usually within one hour and as a rule below the initial level. This process 
could be hastened by removing the blood of the HLP and substituting fresh blood 
not containing adrenaline or solanum alkaloid. 


38.2 38.1 38.0 37.9 37.9 





iG. 3.—The action of 8-dihydrosolasodine upon the blood pressure increase caused by continuous 
infusion of adrenaline. Cat, female, 3 kg. Spinal preparation. Corresponds to period X of 
Fig. 2 between time 61 and 77. From top to bottom: blood pressure taken by Hg-manometer 
from left carotid artery. Calibration on left in mm. Hg ; temp. in degree centigrade; single 
line; time in minutes. At the large signal: intravenous injection of 3 mg. 6-dihydrosolasodine 
per kg. The other signals refer to the heart rates taken every minute. See Fig. 2. 
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Fic. 4.—The anti-accelerator effect of tetrahydrosolasodine in the isolated mammalian heart in the 
presence of atropine. Hound-dog, male, 9.7 kg. Heart-lung preparation. Ventilated with 
95 per cent O, and 5 per cent CO,. Blood volume 800 c.c. at beginning. Temperature varied 
from 38 to 39° C. Mean arterial pressure 90 mm. Hg. Systemic output (= total output of 
left ventricle minus coronary flow 500 c.c./min.). At T,5 mg. tetrahydrosolasodine were injected 
(1 : 4,000 in 5 per cent glucose). At A, 10 mg. atropine sulphate were injected. Black bars: 
continuous infusion of /-adrenaline (1 : 5,000); calibration at right in ug. base per min. 
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Fic. 5.—The graded inhibition by tetrahydrosolasodine of the cardio-accelerator action of adrenalir 
in the isolated mammalian heart. Dog, male, 9.2 kg. Heart-lung preparation. Ventilated wit { 
95 per cent O, and 5 per cent CO,. Blood volume 900 c.c. at the beginning. Temperatu! 
varied between 39.6 and 39.9° C. Mean arterial pressure 110 mm. Hg. Systemic output 5 
c.c. per minute. Tetrahydrosolasodine solution | : 2,000 in 5 per cent glucose was administere 
in increasing doses. At A, 10 mg. of atropine sulphate were injected. Black bar: continuo! 
infusion of /-adrenaline (1 : 5,000); calibration at right in «g. of base per minute. 
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Upon readministration of adrenaline, the heart rate again rose, but did not reach 
the level corresponding to the same infusion rate as before the administration of 
the alkaloids. This further suggests the persistence of their effect, although other 
factors may be involved in this decrease in response to intermittent continuous 
infusions of adrenaline (Krayer, 1949a). 


Even if complete inhibition of acceleration was achieved, an increased rate of 
adrenaline administration still caused a positive chronotropic effect, but the increase 
in rate was slight (see Fig. 5). 


The persistence of the effect of the secondary veratrum alkamines in the HLP was 
recently shown to make possible a quantitative comparison of their effect (Krayer, 
1950). The method permits the determination of the dose of a secondary veratrum 
or solanum alkamine, causing 50 per cent inhibition of the cardio-accelerator action 
of /-adrenaline under standard conditions of blood volume, temperature, and rate 
of adrenaline infusion. This dose is referred to below as I,,. Fig. 5 is the record 
of a representative experiment. 

After the establishment of a steady state of increased heart rate suitable doses 
of anti-accelerator compound were given in succession. Each single dose was 
slowly injected within one minute (or longer with the larger doses) in order to 
effect uniform distribution quickly. Thus steady states of rate corresponding to 
the total dose present in the HLP could be established within about ten minutes. 
With such fast-acting substances, a complete dose-response curve could be obtained 
in a single experiment, relating successive total doses to the corresponding 
inhibition of acceleration. 


In Fig. 5 the I,,, of tetrahydrosolasodine was very close to 2 mg. A second 
experiment with this compound and two with B-dihydrosolasodine gave I,, values 
of the same order, slightly higher or lower than 2 mg. A more exact deter- 
mination requiring five to ten experiments could not be made for lack of substance. 
The results suffice, however, to establish the fact that the two solanum alkaloids 
are intermediate in potency to veratramine, with an I,, of 0.16 mg., and jervine, 
with an I,, of 7.6 mg., when examined under the same conditions (Krayer, 1950). 


Throughout, the heart rhythm of the isolated heart of the dog remained a 
regular sinus rhythm. No irregularities were observed even with doses causing 
complete inhibition of acceleration. Atropine neither prevented nor abolished 
the effect. From the pressure and output records, it was evident that the solanum 
alkaloids did not antagonize the positive inotropic action of adrenaline. 


SUMMARY AND CONCLUSIONS 


In the anaesthetized dog, in the spinal cat, and in the heart-lung preparation 
of the dog, the solanum alkaloids, 8-dihydrosolasodine and tetrahydrosolasodine, 
antagonize the positive chronotropic action of adrenaline. Large doses of atropine 
de not modify the anti-accelerator effect. The vasopressor activity of adrenaline 
is not diminished by doses which temporarily annul the cardio-accelerator action. 

Qualitatively the anti-accelerator action of the two solanum alkaloids is like 
that of the chemically related veratrum alkaloids, veratramine and jervine. In 
potency they are weaker than veratramine but stronger than jervine. 
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Since the isolation of morphine by Sertiirner in 1816 the search for satisfactory 
substitutes has been long and intensive. Though morphine is capable of relieving 
severe pain, its use may involve undesirable side effects, especially respiratory 
depression and addiction. Attempts have been made so to modify the morphine 
molecule as to retain the analgesic activity without these side effects (Small, 
Eddy, Mosettig, and Himmelsbach, 1938). Some success was achieved with the 
introduction of methyl-dihydromorphinone (“ Metapon”; Lee, 1942), but it still 
had addictive properties. Many compounds unrelated to morphine have also 
been prepared in an attempt to obtain a synthetic substitute for it, but the first 
true synthetic analgesic, now known as pethidine (Eisleb and Schauman, 1939), 
was in fact developed as a spasmolytic. This compound was also found to 
cause addiction (Polonio, 1947). Many related compounds have since been pre- 
pared and tested (Eisleb, 1941; Schauman, 1940; Bergel, Morrison, and 
Rinderknecht, 1944; Macdonald, Woolfe, Bergel, Morrison, and Rinderknecht, 
1946), but only £-pethidine (Bergel, Hindley, Morrison, and Rinderknecht, 1944; 
Glazebrook and Branwood, 1945) and possibly ketobemidone or Hoechst No. 
10720 (United States Department of Commerce, 1946; Kirchoff, 1948) appear 
to be of importance. 

During the World War II German chemists discovered a new group of com- 
pounds with analgesic activity. Their work was disclosed in reports published 
by the United States Department of Commerce (1946) and the British Intelligence 
Objective Subcommittee (1946). Several of these compounds were very powerful 
analgesics, especially d/-6-dimethylamino-4 : 4-diphenylheptan-3-one hydrochloride 
(Hoechst 10820, Amidone or Dolophine) and dl-6-morpholino-4 : 4-diphenylhexan- 
3-one hydrochloride (Hoechst 10581). Attention has been directed chiefly to the 
first of these by numerous publications on its pharmacological and clinical properties 
(Scott and Chen, 1946; Scott, Robbins, and Chen, 1946; Eddy, 1947; Hewer 
and Keele, 1947 and 1948; Isbell, Wikler, Eddy, Wilson, and Moran, 1947 and 
1948 ; Scott, Kohlstaedt, and Chen, 1947 ; Thorp, Walton, and Ofner, 1947a, 1947b ; 
Finnegan, Haag, Larson, and Dreyfuss, 1948; Troxil, 1948, etc.). 
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Scott and his co-workers have also recorded briefly some of the pharmacological 
properties of Hoechst 10581 (Scott, Robbins, and Chen, 1946; Scott, Kohlstaedt, 
and Chen, 1947). On rats amidone has been shown by Thorp et al. (1947a) to have 
five to ten times the analgesic activity of pethidine and later (1947b) to be 1.3 
times as active as morphine. Scott and Chen (1946) found it to be more active 
on dogs than morphine. Similar results have been found in man by Hewer and 
Keele (1948). There have been no reports on the analgesic activity of Hoechst 
10581 compared with pethidine or morphine, but the threshold doses found by 
Scott, Robbins, and Chen (1946) and by Scott, Kohlstaedt, and Chen (1947) suggest 
that compared with amidone it is only one-eighth as active in man, though it is 
approximately half as active in the rat and dog. The evidence would also suggest 
that Hoechst 10581 is approximately four times as active as pethidine on the rat 
and dog, but only twice as active on man. 

Holding that amidone in relation to its analgesic activity is unduly toxic, and 
that a substance with a higher margin of safety would be useful, we have examined 
a group of related compounds made in an attempt both to decrease the toxicity 
and to maintain or increase the analgesic activity. The chemistry of these com- 
pounds, together with their toxicities and analgesic activities, has already been 
reported by Dupré, Elks, Hems, Speyer, and Evans (1949) and Attenburrow, Elks, 
Hems, and Speyer (1949). 

We find that the compound d/-6-morpholino-4: 4-diphenyl-heptan-3-one hydro- 
chloride (which differs from Hoechst 10581 in replacement of the hexane by the 
heptane chain) possesses a higher analgesic activity on rats than any other compound 
of this type hitherto described, and we have therefore investigated its pharmaco- 
cological properties in some detail. This compound was known for laboratory 
purposes as CBI1, and we shall here refer to it in that way for brevity. It is 
now available for use in the U.K. as a “Schedule IV Poison” under the pro- 
prietary name of “Heptalgin.” The non-proprietary name Phenadoxone has 
been approved for it. 

Clinical trials with CBI1 have been reported by Wilson and Hunter (1948) 
and Hewer, Keele, Keele, and Nathan (1949). Their results show that for relieving 
certain types of pain in human subjects it is a potent analgesic that compares 
favourably with amidone. Hewer and Keele (1948) also tested it in man and 
found it to be at least as active as morphine or amidone, with fewer side effects 
than either of these. Variations in the analgesic responses of different patients 
were, however, enormous. 

We report here some of the pharmacological properties of CB11, compared 
with those of morphine, pethidine, amidone, and Hoechst 10581 (the hexane 
analogue of CB1!1). 

During the preparation of our manuscript for publication, brief reports on 
the pharmacology of this compound have appeared. Speeten, Byrd, Cheney, and 
Binkley (1949) reported that the compound had an analgesic activity in animals 
at least as great as that of amidone and yet was less toxic. They also referred 
to a German claim (P.B. 1-70056. Frames 1229-1232 B) that the compound was 
a potent analgesic. Flataker and Winter (1949) found it to be twice as active 
as amidone on rats, but only half as active on dogs. Its acute toxicity to mice 
by the subcutaneous route was much lower than that of amidone. 
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‘hemical and physical properties 
The chemical relationship of CB11 to amidone and Hoechst 10581 is shown 


4 
CH,CH,CO.C—R 


\ 


10581 , R CH,CH.N re) 
ee 


CB 11 , R=-CH,CH(CH)N 0 
,_ eee 


CB11 hydrochloride is a colourless, odourless crystalline solid. It is freely soluble 
in water at pH 4; above pH 4 the free base begins to come out of its solution, 
precipitation being complete in weakly alkaline solutions. It can be autoclaved 
without decomposition in acid solution at pH 2.5, but at pH 3.5 precipitation 
may occur unless the solution is suitably buffered. The hydrochloride was used 
throughout our investigations. 
ia RESULTS 

Acute toxicity 

The acute toxicity of CBIl was ascertained on albino mice of both sexes 
descended by rigorous inbreeding from Strong A2 ancestors. Injections were 
made on a weight basis into animals, weighing between 18 and 22 g., which 
had fasted for the previous 24 hours. For all routes of administration the 
regression of mortality per cent, as probits, on log dose was found and graphical 
estimates of the LDSO and limits of error (P=0.95) were made by the method 
of de Beer (1945). Table I shows the acute toxicity of CBl1 compared with 


TABLE I 
ACUTE TOXICITIES IN MICE 
Limits (P = 0.95), calculated by the graphical method of de Beer"(1945), are given in parentheses. 





LDS50 for mice mg./kg. 
































Molecular — i ania eee Be 
d 2 
alata weight Oral Subcutaneous | Intravenous™ 
— Ae ea Se - | ead 
Morphine hydrochloride 375 580 490 196 
(510-661) (402-598) | (174-223) 
Pethidine hydrochloride | 284 302 202 44 
(248-365) | (184-222) (40-48) 
\midone hydrochloride 446 #2»| 90 | 48 | 19 
(68-119) (41-57) | (17-21) 
0581 hydrochloride m=O 225 | 206 30 
(207-245) | (181-233) (27-33) 
‘B11 hydrochloride 388 | 208 194 43 
(177-243) (175-215) (39-47) 
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those of pethidine, morphine, amidone, and 10581 by the subcutaneous, intra- 
venous, and oral routes. Weight for weight, CBI1 is less toxic to mice than 
amidone. The toxicities of CB11 and compound 10581 are of the same order 
by all routes. Our LDSO values for amidone, pethidine, and 10581 by the intra- 
venous route are in close agreement with those reported by Scott, Kohlstaedt, 
and Chen (1947). Toxic doses in mice produce a syndrome similar to that seen 
after the administration of morphine. At first there is a potentiation of move- 
ment and an erection of the tail (Straub-Hermann reaction); this is followed by 
tetany, coma, and death, which is primarily due to respiratory depression. 


Analgesic activity 
The analgesic activity of CBIl was determined by the subcutaneous route in 
rats using (a) the thermal radiation (“rat tail”) method (Thorp, 1946) and (b) 


the electric grid (“rat grid”) method (Dodds, Lawson, Simpson, and Williams, 
1945). 


(a) Thermal radiation method.—The method depends upon the rat’s reaction to a 
heat stimulus applied to a small area of its tail and is based on the method of D’amour 
and Smith (1941): we used the apparatus of Hardy, Wolff, and Goodell (1940) as 
modified by Thorp (1946); our general technique was essentially similar to his. The 
individual pain threshold values were measured for each rat as the voltage required 
on the lamp to elicit a response by the end of the constant time (74 seconds) during 
which the shutter was opened. The drugs 
were injected subcutaneously, on a body- 
weight basis, at two-minute intervals. 
100- The subsequent rise in the pain threshold 
was measured for each rat exactly thirty 
minutes after the injections, preliminary 
experiments having indicated that this 


x 


60- was the time of peak analgesia with 
CB II MORPHINE CBI1. Pure line albino rats of Wistar 

x strain origin in the weight range 40 to 

60+ 60 grammes were used throughout and 
+ were randomly distributed into groups. 


All solutions were prepared so that the 
doses were present in a volume of 0.4 ml. 


40- per 100 g. rat. The mean percentage rise 
* in the pain threshold over the initial was 

7 determined for each group of rats and a 
20- linear regression relating this to log dose 


Percentage increase in pain threshold 


was calculated. 


In the first experiment we compared 

Oop the analgesic activity of CB11 with 
that of morphine hydrochloride B.P. 
Groups of five rats were used at each 

ve. See ees me” bee dose level, and the comparison was re- 
heat method.) peated three times on three alternate 
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TABLE II 


THE COMPARATIVE ANALGESIC ACTIVITIES OF CB11 AND MORPHINE IN RATS BY THE RADIANT 
HEAT METHOD 
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| | 

















| | Mean rise | pi ducial Dose to | Approximate 
D No. of Dose: | in pain limits Slopet give 50% activity 
— rats mg./kg. threshold \(P = 0.95) “—" rise: ratios* 
y 4 . mg./kg. | Morphine= | 
Morphine 15 | y Me 33 3.67 
HCl |- 15 | 5.0 66 112.1 133 Limits | 
15 ' 10.0 113 (P=0.95): | 1.0 
3.14 to 4.17 
CCBill .. 15 0.75 | 21 0.96 
15 1.00 54 -+14.1 242 Limits 
15 1.33 102 (P=0.95): | 3.8 


0.88 to 1.04 | 
| 





* Ratios calculated at 50 per cent level. +‘‘hb”’ is measured in units of percentage increase in the pain threshold per 
tenfold increase in the dose. 


days. The results obtained are shown in Table II and Fig. 1 and the relevant 
analysis of variance in Table III. This analysis shows that a significant regression 
had been established for both drugs, but that there was a significant departure from 
parallelism, so that estimates of the relative analgesic activities of the two compounds 
cannot be valid over a range of doses. Equiactive doses of morphine and CB11 
producing a 50 per cent rise in the pain threshold are given in Table II, column 7, 
and it is on this basis that approximate activities are quoted here. 

A comparison was then made of the analgesic activities of CB11 with amidone 
and Hoechst 10581, a group of thirty rats being used on each of four days, as 
recently described by Thorp (1949). Two dose levels were employed for each 
compound. The rats were changed over daily so that each group of rats received 
each compound at one of the two dose levels. The doses were administered, as 
before, subcutaneously at two-minute intervals. Table IV shows the results 
obtained. The slopes again show a significant departure from parallelism, the 


TABLE III 
ANALYSIS OF RESULTS IN TABLE II 











Morphine CBI1 

Degrees of | Mean | Variance Pp S ~ Mean | Variance * c= 

freedom | square ratio square ratio | 
iccasion of test ..| 2 | 0422) 0.09 | Not | 40.2 5.48 | 0.05-0.01 

| Significant || 

inear regression on l 480 89.3 _| Significant 488 | 66.5 | Significant 
dose 
Jeviation from line- | 1 | 5.378 | 10 | Not | 49 | 0.67 | Not 
arity | | Significant | | Significant 
rror od < 40 | 5.372 | | | | 
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TABLE IV 


THE COMPARATIVE ANALGESIC ACTIVITIES OF AMIDONE, HOECHST 10581, AND CBI1 IN RATS 
BY THE RADIANT HEAT METHOD 





| | 














’ Mean rise in Dose to give | Approximate 
Drug od = < + | pain threshold* | Slope 50°% rise: activity ratios 
8./Kg. | y 4 mg./kg. (amidone = 1) 
Amidone..| 20 | 18 | 276 | 121.8 2.6 | =. 
| Limits (P=0.95): | 
/ 2. i 64.3 2.24to3.12 | 
Hoechst _ 2 «| «2.25 23.3 95.0 40 4| 0.65 
10581 | | Limits (P=0.95) : 
| 20 45° | 51.9 | | 3.34 to 6.07 
cBll..| 20, : 09 48.1 11961 ' 4o9 | 29 
Limits (P=0.95): 
m i 8 1 110.0 0.77to 1.0 | 





* These values have fiducial limits (P=0.95) of + 19.4 per cent calculated on all the data. 


one for CBI1 being steeper than those for the other two drugs (Fig. 2). The 
activity ratios, which are quoted in terms of amidone hydrochloride, can there- 
fore only apply at a particular response level, the ones quoted being those found 


for a 50 per cent rise in the pain threshold. 


(b) Electric grid method.—The previous method determines the depth of analgesia 


T , 
1007+ 
+ CB 11 
80+ 
+ x 







AMIDONE 


Percentage increase in pain threshold 
* 








HOECHST 
1 J 10581 
20T 
+ 4 aan eee.’ 
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Log dose, mg./kg. 


Fic. 2.—A comparison between the analgesic effects of CB11, 
amidone, and Hoechst 10581 in rats. (Radiant heat 
method.) 


thirty minutes after the injec- 
tions, no regard being paid to 
duration. We therefore com- 
pared CB11 with morphine and 
other drugs, after subcutaneous 
injection in rats, by the electric 
grid method of Dodds, Lawson, 
Simpson, and Williams (1945). 
which measures the tolerance 
of rats to electric shocks. The 
apparatus used was similar to 
theirs, but we varied the alter- 
nating current in the primary 
coil of the Du-Bois-Raymond 
apparatus, using a variable 
rheostat having a scale in arbi 
trary units calibrated in propor 
tion to voltage. In all tests the 
current was increased until th« 
rat squeaked, the rheostat read 
ing being then recorded. Dete: 
minations of the pain threshold 
for individual rats were mad 
before the injections and 
20-minute intervals during tw 
hours. 
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Fig. 3 shows the 
results obtained, each 
point being for the 
mean observation from 
eight rats. The onset 
of analgesia with CB11 
is extremely _ rapid, 
optimal activity being 
apparent within 20 
minutes after injection, 
and the drug gives a big 
rise in the pain thresh- 
old. Amidone is quick 
acting; the onset of 
analgesia with mor- 
phine and pethidine is 
slower. Both Thorp 
(1946) and Dodds and 


30 


20 


10 


% Increase in the — basis 
Pain Threshold ees AMIDONE — 2 mg./hy. 
a PETHIDINE 34 mg./kg 

be i. “ss. MORPHINE 8 mg./kz. 
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FiG. 3.—A comparison between the analgesic effects of CBII, 


amidone, pethidine, and morphine in rats. (Electric grid 


method.) 


his co-workers (1945) recorded similar findings for morphine, and the latter also for 


pethidine. 
drugs. 


The duration of analgesia with CBI1 is shorter than with the other 
Assessment of the relative analgesic activities of these compounds will 


obviously vary with the time interval between the injection and the measurement 


of the rise in pain threshold. 


Both methods indicate that CBl1 is a powerful 


analgesic for the rat, being by the subcutaneous route more active than morphine 


or amidone on a weight basis. 
The differences in slope of the regression lines for the various compounds 


makes a stricter quantitative comparison meaningless. 


It is only to be expected 


that compounds with diverse chemical structures will vary in both the mode and 
the duration of action, and for that reason alone it would seem illogical to quote 


their activities in terms 
of each other. Further, 
it is unlikely that ratios 
so determined on rats 
would apply to other 
species, including man. 


Respiratory depression 

Respiratory depres- 
sion was studied in con- 
scious rabbits with a 
recorder, of the differ- 
ential type described by 
Gaddum (1941), con- 
nected to a_ rubber 
mask fitted with uni- 
directional valves. The 
rabbits were restrained 
in special boxes 


1* 








% Change in the 
Respiratory 
Volume 
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x 
+ 
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Fic. 4.—The effect of CBIl and amidone on the respiratory 


minute volume in rabbits. 
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TABLE V 
THE EFFECT OF CBI] AND AMIDONE ON THE RESPIRATORY MINUTE VOLUME IN RABBITS 








CBII Amidone 
Maximum change in respiration Maximum change in respiration 
Dose: % Dose: yA 
mg./kg. ee —-| mg./kg. — en 
Recorded Mean Recorded Mean 
70 36 
| 74 54 
0.5 —32 64 1.5 35 48 
75 62 
74 -~5§5 
57 
—69 63 
95 -63 
1.0 78 75 2.25 61 61 
90 60 
45 59 
-16 84 
| 93 85 
2.0 80 84 | 3.0 80 81 
88 81 
84 75 





(“stocks”) and kept warm throughout the experimental period. The compounds 
were tested at three dose levels, five to six rabbits being used for each dose. 
A direct comparison of CBI1 was made with amidone, subcutaneous injections 
being made on a body-weight basis. The apparatus recorded a response linearly 
proportional to the respiratory minute volume. The peak percentage of respiratory 
depression was measured, and the results (shown in Table V) give the maximum 
respiratory depression as a percentage of the normal respiratory minute volume. 
CBII is a stronger respiratory depressant than amidone (Fig. 4). A 75 per cent 
depression would be produced by approximately 1.0 mg./kg. of CBI1 or 2.75 
mg./kg. of amidone, giving a ratio of 2.75 to 1.0, which is related to the relative 
analgesic activities of the two compounds. Thorp (1947 and 1949) has shown 
that respiratory depressant action parallels analgesic activity with amidone and 
related compounds. Intravenously, 0.3 mg./kg. of CBI1 caused a 90 per cent 
respiratory depression in sixteen rabbits. 

In six cats under chloralose 0.2 mg./kg. of CBI1, injected intravenously. 
caused a slight respiratory depression, while 0.5 mg./kg. had a strong effect. The 
records, obtained by the apparatus of Wilbrand and de la Cuadra (1947) connected 
to the side arm of the tracheal cannula, show that CBI1 had a stronger respira- 
tory depressant action than amidone (Fig. 5) or Hoechst 10581; 1.0 mg./kg. 
frequently arrested respiration completely. 

CBI1, like amidone, in excessive doses can cause a profound respiratory 
depression, which is the primary cause of death after toxic doses. Respiratory 
depression is particularly marked by the intravenous route. Providing the respira- 
tion is maintained, however, the animal will usually survive. 
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The analeptic drugs 
nikethamide and picro- 
toxin, especially the 
former, are of value 
in reversing this effect 
of these drugs. The 
respiration of cats 
under chloralose, de- 
pressed by the intra- 
venous administration 
of 0.5 mg./kg. of 
CBII, was increased 
by a dose of 8 mg. 
nikethamide per kg. 








FiG. 5.—Effects of intravenous injections of CB!1 and amidone ina 
cat anaesthetized with chloralose (0.08 g./kg.). Upper tracing, 


injected intravenously. blood pressure; lower tracing, respiration. (A) 0.2 mg./kg. of 


At the same time the CBII. 
blood pressure was re- 
stored (Fig. 6). Picro- 
toxin was only partially effective 
at a dose level of 0.7 mg./kg., and 
repeated doses were necessary to 
stimulate respiration. Amphet- 
amine was practically ineffective 
in doses up to 0.33 mg./kg. 


Heart 

Effects on the isolated rabbit 
heart.—We first studied the 
cardiac effects of CBI1 on the 
isolated heart of the rabbit, per- 
fused from the aorta through the 
coronary vessels with oxygenated 
Ringer-Locke solution (Langen- 
dorff preparation). The drug was 
administered (a) mixed with the 
perfusion fluid in a concentration 
of 1:500,000 or 1:100,000 and 
(b) by direct injection into the 
cannula. Records were obtained 


(B) 0.5 mg./kg. of CBI1. (C) 0.2 mg./kg. of amidone. 


(D) 0.5 mg./kg. of amidone. 





FiG. 6.—Stimulant action of nikethamide on the respi- 
ration of a cat after a high intravenous injection of 
CBI1. (A) 0.5 mg./kg. of CBI1. (B) 8.0 mg./kg. 
of nikethamide. 


of both the rate and the amplitude of the beat together with the coronary flow. 
Results obtained on perfusing the hearts with solutions containing CBI1 or 


amidone are shown in Table VI. 


Their actions were closely similar, the toxic 


level for both drugs being a concentration of 1: 100,000 or greater. Our results 
for amidone agree with Thorp’s (1949). Perfusion again with normal Ringer 
solution restored the hearts, but arrhythmias, which frequently developed, were 
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TABLE VI 
THE EFFECT OF CBII AND AMIDONE UPON THE ISOLATED RABBIT HEART (LANGENDORFF 
PREPARATION) 
Effect upon isolated heart 
Drug Dilution —— —_—- —— 
Coronary flow Heart rate Amplitude 
Amidone .. is 1 : 500,000 + 11% Nil Slightly decreased 
1: 100,000 + 103°% Slowed Decreased 
CBI! ee 4 1 : 500,000 +49°% Nil Nil 
1: 100,000 + 144°, Slowed Decreased 





not abolished. The most striking effect of the compounds was on the amplitude of 
the heart beat, the heart rate being only slightly diminished. Both drugs increased 
coronary flow. 

Direct injection of CBI1 or amidone (0.025 and 0.05 mg.) into the cannula 
reduced the amplitude of the contractions, but only slightly reduced the rate. 
Atropine did not prevent the cardiac depressant action. 

Effects on the heart in situ.—The actions of CBI1 and amidone on the hearts 
of six cats, artificially respired and under pentobarbitone anaesthesia, were studied 
in situ. A Cushny myocardiograph was attached to the ventricles. Doses of 2 
mg. CBI1 per kg. injected rapidly into the femoral vein reduced the amplitude 
of the heart beat, but had very little effect on the rate. Recovery was rapid. 
Assuming the blood volume to be 6.5 per cent of the bodyweight, the concen- 
trations of the drug in the blood would be similar to those depressing the isolated 
heart. The blood pressure showed a concomitant fall. The cardiac effects were 
not abolished by cutting the vagi or after atropine (Fig. 7). Both amidone and 
Hoechst 10581 at this dose level had effects similar to CBI]. 


D E 





FiG. 7.—Effects of intravenous injections of CBI! and amidone in a cat (2.5 kg.) anaesthetized 
with pentobarbitone. Upper tracing, blood pressure; lower tracing, ventricular contractions. 
(A) 2 mg./kg. of amidone. (B) 2 mg./kg. of CBI1. (C) 2 mg./kg. of CBI1 after section of the 
vagi. (D) 2 mg./kg. of amidone after section of the vagi. (E) 2 mg./kg. of CB11 after atropine. 
(F) 2 mg./kg. of amidone after atropine. 
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Circulatory effects 
The circulatory effects of CB11 and amidone were compared in fifteen cats, 
anaesthetized with chloralose or pentobarbitone. The blood pressure was recorded 
from the carotid artery on a mercury manometer in the usual manner ; injections 
were made into the femoral vein. In some tests simultaneous records were 
obtained of the respiration, using the apparatus of Wilbrand and de la Cuadra (1947) 
or from a thread attached to the ribs. Initially the blood pressure in the naturally 
breathing animal showed an immediate fall equivalent to about 35 mm. of mercury 
after a first injection of 0.2 mg./kg. The fall was associated with a reduced 
heart rate. Re- 
covery was rapid 
and the blood 
pressure had re- 
turned to nor- 
mal one minute 
after the injec- 
tion. Respira- 
tion was ae on Posy Pron, 
C8 81 ; 
pletely arrested Fen 
for 30 seconds 
and then recom- 
menced at a 
lower depth 
(Fig. 5). Re- 
covery was 
usually complete 


oe _ Artificial Respiration ——_—_——_) 





within § five A B C D 
minutes. With FIG. 8.—Effects of intravenous injections of CB11 on the blood pressure of 
0.5 mg./kg. the a cat anaesthetized with chloralose (0.08 g./kg.). (A) 0.1 mg./kg. of 


same abrupt fall yr Paonia ee” mg., and (D) 1.0 mg. per kg. of CBI1 
in blood pressure 

occurred, followed by a rapid recovery, but this was in turn followed by a slower 
and longer fall associated with respiratory depression (Fig. 5). In artificially 
respired cats doses as high as 1.0 mg./kg. do not cause a blood pressure fall 
(Fig. 8). Doses of 2.0 mg./kg. are necessary to depress the blood pressure (Fig. 7). 
the drug having a slight cardiotoxic action at this dose level. A rapid intravenous 
dose of 5.0 mg./kg. in the unrespired preparation would be fatal, the respiration 
becoming completely arrested. Amidone affected the blood pressure similarly 
(Fig. 7), as Thorp (1949) found. 

With repeated doses of 0.2 mg./kg. of CB1I1 at 30-minute intervals the abrupt 
fall in blood pressure diminished, indicative of “acute vascular tolerance,” which 
has been reported by Shideman and Johnson (1947) to occur with amidone and 
is common to most analgesic drugs. 

On the blood vessels themselves CBI1 had very little effect. The vessels of 
he hind legs of three cats were perfused with heparinized blood by means of a 
Dale-Schuster pump (Dale and Schuster, 1928); records were obtained of the 
perfusion pressure and of the venous outflow by means of a Gaddum Drop 
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Recorder. A slight vasodilator effect occurred when 1.0 mg. CBI1 was injected 
directly into the inflowing perfusion fluid. Amidone and Hoechst 10581 had the 
same effect at this dose level. The tone of the vessels remained unaffected and 
the response to adrenaline unchanged. 


Central nervous system 


In artificially respired cats under chloralose it has been constantly observed 
that large doses of both CBI! and amidone produce an excitation of the central 
nervous system in the form of severe clonic convulsions. The convulsions that 
occur after an intravenous injection of | mg./kg. of CBI1 can be abolished by 
the adminstration of a barbiturate and do not occur in spinal cats. In high 
doses the drug appears to be a central stimulant in this species. Scott and Chen 
(1946) and Wikler, Frank, and Eisenman (1947) have reported similar effects with 
amidone in cats. 


Actions on smooth muscle 


Isolated intestinal muscle.—The actions of CBI1 were studied on isolated rabbit 
duodenum and guinea-pig ileum segments suspended in a bath of oxygenated Ringer 
solution at 37° C. 

In the rabbit duodenum the normal rhythmic contractions were reduced by 
0.4 mg. CBI! added to a 40 ml. bath (Fig. 9). Recovery occurred a few minutes 
after washing out. Amidone, pethidine, morphine, and 10581 had similar effects, 
but with pethidine they were quicker in onset and of shorter duration. 

CBI1 had a weak spasmolytic action in this preparation, the spasms produced 
by | ug. acetylcholine or 50 »g. barium chloride being relaxed after the addition 
of 0.4 mg. CBI1 to the bath (Fig. 9). 

In the guinea-pig ileum, the spasmolytic action of CBIl was more fully 
investigated by the method of Lee, Dinwiddie, and Chen (1947), in which is 
measured the degree of relaxation 
produced by different doses of the 
spasmolytic agents against an in- 
duced spasm of the isolated intes- 
tine, produced by histamine, acetyl- 
choline, or barium chloride. The 
spasmolytic activities of CB11, ami- 
done, and pethidine so determined 
are shown in Table VII. These are 
given as equiactive doses pro- 
ducing a 50 per cent relaxation 
of the spasm. The spasmolytic 
activity shows no relationship to 
analgesic activity. The power of 
(a) (b) CBIl to antagonize histamine, 


FiG. 9.—(a) Effect of CBII on the isolated rabbit determined by the method de- 


duodenum (0.4 mg. in 40 ml. bath). (4) Antispas- = ¢crjhea ; : 
modic action of CBI! on the rabbit duodenum. reper by Schild (1947), th 
(A) Spasm produced by 0.5 ml. of barium chloride @ value for pA, of 6.4: for 


(1 in 10,000). (B) 0.4 mg. of CBI. pethidine we found 6.3. 
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TABLE VII 


THE SPASMOLYTIC ACTIVITIES OF cB11, AMIDONE, AND PETHIDINE ON THE ISOLATED GUINEA-PIG 
ILEUM 








re 


Ss 





Dose in mg. in 40 ml. bath required to cause 50% relaxation 





Drug of the spasm produced by 
ae Pic i 
1 wg. acetylcholine 20 ug. histamine | 60 wg. BaCl, 
e= 2. 4s ee 0.04 | 0.02 1.0 
Amidone .. - ‘ 0.07 0.02 1.0 
Pethidine .. oe es 0.05 0.05 | 2.0 





Intestine in situ=—Rabbits were lightly anaesthetized with urethane, and the 
abdomens opened ; the peristaltic movements of a 3 cm. length of the jejunum 
were recorded by means of an attached thread. The abdominal cavity was filled 
with warmed Ringer’s solution maintained at 37° C. Depression of peristalsis 
only occurred after the intravenous injection of very high doses of CB11 (at least 
2 mg./kg.) and this caused severe respiratory depression, necessitating the use 
of artificially respired animals. These findings support our observations in rats 
that the drug has practically no constipating action. 


Action on the uterus—On isolated virgin guinea-pig uteri, suspended in 
Ringer’s solution, CB11 abolished any spontaneous contractions present at a dose 
level 0.05 mg. CBI1I in a 40 ml. bath. This dose also reduced the amplitude 
of the contractions to submaximal doses of posterior pituitary extract. The action 
is possibly related to the spasmolytic action of the drug on smooth muscle. 


Local anaesthetic activity 

Everett (1948) reported that amidone had a local anaesthetic action on the 
rabbit’s cornea and also on the human intradermal weal. We have examined 
CBI1 for this property. When tested on the guinea-pig corneal reflex, by the 
method of Chance and Lobstein (1944), CB11 had some local anaesthetic action. 
The EDSO values for procaine hydrochloride and CBl1 were 21 mg./ml. and 
13.4 mg./ml. respectively. CBI1 is therefore more active than procaine in pro- 
ducing surface anaesthesia. The onset of local anaesthesia was slower than with 
procaine hydrochloride. 

By the intradermal weal method in guinea-pigs (Bilbring and Wajda, 1945) 
CB11 had only a slight activity, solutions containing 20 mg. per ml. producing 
an anaesthetic action for only ten minutes. Procaine hydrochloride at a con- 
centration of 1.25 mg./ml. showed a high activity by this method. The local 
anaesthetic action of CBI1 is thus too low to be of any practical importance. 


Metabolic effects 


Large doses of CBI1, as of morphine and amidone, cause a fall in the body 
temperature of rabbits, but in therapeutic doses the depression is not significant. 
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Chronic toxicity 

Rats.—Twenty rats received daily subcutaneous injections of 1.0 mg./kg. of 
CB11, and further groups 2.0 mg./kg. of CB11 subcutaneously and 4.0 mg./kg. 
orally. Treatment of all animals was continued for over three weeks. At three- 
day intervals they were tested for analgesia by the radiant heat method, and the 
doses were proved to be analgesic. Daily records of food consumption and body- 
weight were compared with those for untreated controls. The treatment caused 
only slight retardation of growth and no loss of appetite. Samples of urine 
collected from time to time showed no abnormalities. 

Autopsy of the animals at the end of the experiment revealed no gross patho- 
logical changes. Histological examinations of the liver, kidneys, spleen, heart 
muscle, suprarenals, and thyroids showed no abnormalities. Frozen sections of 
the livers and kidneys, stained for fat, showed no fatty degeneration in any of 
the animals. 

Rabbits—CB11 was administered daily by stomach tube to two rabbits for 
21 days, at a dose level of 0.5 mg./kg. A further four rabbits were injected 
subcutaneously, two receiving 0.3 mg./kg. daily and two 1.3 mg./kg. daily, all 
for 21 days. The rabbits continued to grow and maintained their appetites. 
Blood samples, taken twice weekly, showed no significant changes in the red, 
white, and differential cell counts or in the haemoglobin concentrations. The 
drug did not affect the blood sugar levels of fasted rabbits. The urine was 
examined daily and no abnormal constituent was found. At autopsy there was 
no macroscopic evidence of gastric or intestinal irritation in the orally dosed 
rabbits or at the sites of injection in the injected ones. Histological examination 
of sections of the major organs showed no abnormalities and frozen sections of 
the livers and kidneys showed no fatty degeneration. 


Urinary excretion 


Antidiuretic effect—CBI11 had a slight antidiuretic action at high dose levels. 
Groups of four male rats, weighing approximately 150 g., were given, by stomach 
tube, 5 ml. of warm water per 100 g. bodyweight. CBI1 was injected sub- 
cutaneously, and the urine excreted during the next six hours was collected. Two 
groups received 2.5 mg. and 1.25 mg./kg. of CBI1, a third group saline solution 
only. The test was repeated three times, the groups being crossed over. 

The high dose of CB11 reduced urine excretion to 30 per cent below that of 
the controls. The low dose had little effect. The antidiuretic action was only 
slight and the high doses caused drowsiness in the rats. 


Renal excretion.—Attempts to determine the urinary excretion of this drug 
in rats have so far given extremely variable results. The amount excreted over 
24 hours is undoubtedly small and the indications are that it is about 15 per cent. 
Since the maximum dose of CBI1 tolerated by rats is small, urinary concen- 
trations are low, making chemical determinations difficult. Further, the method 
of assay (Page and King, 1950), although satisfactory for cat and human urine, 
gave seriously inconsistent results with rat urine, apparently because it yields 
high and variable blank readings. The method was an adaptation of that described 
by Lehman and Aitken (1942), but bromophenol blue was used as indicator and 
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the coloured complex was formed in a phthalate buffer solution at pH 4.0. In 
artificially respired cats, anaesthetized with chloralose and having the bladder 
cannulated, 30 per cent of the drug was excreted during a period of six hours 
after an intravenous injection of 5 mg. per kg. Conflicting results have also been 
reported in using colorimetric methods for determining the urinary excretion of 
amidone (Scott and Chen, 1946; Cronheim and Ware, 1948). Elliott, Chang, 
Abdou, and Anderson (1949), using amidone labelled with '*C in the 2 position, 
have been able to show that in rats practically 100 per cent excretion occurs within 
24 hours, approximately 30 per cent in the urine and the rest in the faeces. 


Irritant effects 


Subcutaneous injection into guinea-pigs of a | per cent aqueous solution 
caused no inflammation or oedema at the site of the injection, providing the pH 
of the solution was not too high. With intramuscular injections there were no 
untoward reactions, and only slight irritation was caused in instilling a 1 per cent 
buffered solution of CBI1 into the eye. By the intravenous route solutions of 
CBI1 had no sclerosing effect on the veins. Solutions at pH 4.5 have never 
produced necrosis in concentrations up to | per cent. 


Tolerance 


Rats dosed daily with 2 mg./kg. by the subcutaneous route showed no evidence 
of tolerance. The elevation of the pain threshold, tested at weekly intervals for 
three weeks, was not diminished. 


Pupil size 
Neither parenteral nor local administration of solutions of CBIl causes 
constriction of the pupil in the rabbit. 


DISCUSSION 


CBI1 is one of some forty amino-ketones and amino-esters related to amidone 
that have been synthesized and examined in these laboratories for analgesic activity 
and toxicity. Of all compounds examined, CB11 was the most active and its 
pharmacological properties were therefore investigated in some detail. 

It appears that the compound is a very potent analgesic for the rat; by the 
subcutaneous route it is more active than either morphine or amidone. In spite 
of this its acute toxicity to mice is lower than that of amidone and its therapeutic 
index. is therefore correspondingly higher, giving a wider margin of safety. These 
findings confirm those of Flataker and Winter (1949), who showed that side effects 
‘n dogs, such as narcosis, sedation, and general depression, were much less with 
CB11 than with amidone or morphine. Nausea and vomiting did not occur after 
CBI1 in non-tolerant dogs. 

In general, its pharmacological properties are closely similar to those of amidone. 
At therapeutic dose levels undesirable pharmacological effects, such as cardiac 
depression and vasomotor disturbance, are absent, and it is only at extremely 
high dose levels that untoward effects occur. However, the drug has a strong 
respiratory depressant action when given in high doses; it should be used with 
special caution if injected intravenously. 








140 B. BASIL, N. D. EDGE, and G. F. SOMERS 


We have safely administered analgesic doses of CB11 daily to animals over 
a prolonged period without impairing their health or producing any pathological 
effects. No irritant actions have been observed after injection by the subcutaneous, 
intramuscular, and intravenous routes. So far we have not been able to demon- 
strate the development of tolerance to the drug in rats. Flataker and Winter, 
however, reported that dogs, dosed twice daily with CB11 (4 mg./kg.), developed 
analgesic tolerance in about a month. 

Preliminary clinical reports (Hewer and Keele, 1948; Wilson and Hunter, 
1948 ; Hewer, Keele, Keele, and Nathan, 1949) have shown that CBI1 has a 
potent analgesic action on human subjects and compares favourably with morphine 
and amidone. There is evidence that concomitant side effects are less for CBI] 
than for morphine or amidone (Hewer and Keele, 1948). 


SUMMARY 


1. A preliminary investigation has been made into the pharmacological 
properties of a new analgesic compound, phenadoxone or dl-6-morpholino-4: 4- 
diphenylheptan-3-one hydrochloride (CBI1). It has been shown to be more active 
on rats than morphine, amidone, pethidine, or Hoechst 10581. 

2. In spite of this high analgesic potency, it is less toxic to mice than amidone 
and compares favourably with morphine, 10581, and _ pethidine. 

3. Cardiac and circulatory effects in cats were slight, but a high dose given 
intravenously produced a strong depressant action on the respiratory centre. 

4. Respiratory depressant activity appeared to be related to the analgesic 
potency of these compounds. 

5. Like pethidine, amidone, and 10581, the drug had a weak spasmolytic 
action on smooth muscle. 


6. Tests for local anaesthetic action showed this to be only slight for CBI1, 
but it has some surface analgesic action. 


7. Like morphine, amidone, and 10581, CB11 caused a slight fall in the body 
temperature of rabbits, and also had a slight antidiuretic action at high dose 
levels in rats. 

8. A solution of the compound at pH 4.5 was free from irritant effects on 
injection and has been safely administered over a prolonged period to rats and 
rabbits. 


9. There was no evidence of tolerance developing in rats within three weeks. 


In the experiments recorded above, we have received the technical assistance of 
Mr. E. A. Woollett and Mr. M. E. Fielding, to whom we wish to extend our thanks. 
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Biological methods for the estimation of adrenaline and noradrenaline in solu- 
tions or extracts have recently been described by Gaddum, Peart, and Vogt (1949), 
Bilbring (1949), and Gaddum and Lembeck (1949). Gaddum and his colleagues 
have used the rat uterus method of de Jalon, and also the rat colon, the former 
being more sensitive to adrenaline and the latter more sensitive to noradrenaline. 
Bilbring used the rat uterus and the rabbit intestine, and also the nictitating 
membranes of the cat. The isolated tissue methods suffer from the disadvantage 
that they take a long time ; thus a determination of the adrenaline present in a solu- 
tion by the rat uterus method may occupy a worker the whole of one day if he uses 
three or four strips of muscle. The nictitating membrane method in which the 
ratio of the contraction of the denervated membrane to the normally innervated 
membrane is determined (Bilbring and Burn, 1949) has the disadvantage that the 
accuracy is low when the proportion of adrenaline is greater than 50 per cent, for 
the ratio changes very little as the adrenaline percentage increases above this figure. 

In this paper we describe a modification of the nictitating membrane method 
which has a much greater accuracy and which does not require a cat with a dener- 
vated nictitating membrane. The method depends on determining the ratio of the 
contraction of one normally innervated nictitating membrane to the height of the 
blood pressure rise. 


METHOD 


Preparation of cat.—We have carried out our experiments in the spinal cat prepared 
by Dale’s method, but it may be equally satisfactory to use cats anaesthetized with 
chloralose. We prefer the spinal cat partly because we think that in some cats chloralose 
diminishes the contraction of the nictitating membrane and partly because the spinal 
cat is a preparation much used in this laboratory and very quickly made. If chloralose 
is used the cervical sympathetic chain should be cut. 

In preparing the spinal cat (for details of method see Burn, Finney, and Goodwin, 
1950) the cat is anaesthetized with ether, but the carotid arteries are not ligated as 
they are ordinarily. The muscles are detached from the spine of the second cervical! 
vertebra, below which the spinal cord is exposed. The cord is cleanly cut through and 
the medulla and brain are destroyed by a rod passed through the foramen magnum 
The hole is plugged by modelling clay. Under artificial respiration the cat will last 
for many hours if kept warm. 
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The cat’s head is fixed rigidly and the right nictitating membrane is attached by a 
silk thread to an isotonic lever so that the contractions are suitably magnified. The 
blood pressure is recorded from the left carotid artery by a mercury manometer. 
Injections are made into a femoral vein. 


The membrane to blood pressure ratio.—The method depends on the fact that, whereas 
in injection of adrenaline causes not only a rise of blood pressure but also a contraction 
of the nictitating membrane, an injection of noradrenaline produces a rise of blood 
pressure but has very little effect on the nictitating membrane, as shown in Fig. 1. 
When a mixture of adrenaline and 
noradrenaline is injected the con- 
iraction of the membrane therefore 
depends on the amount of adren- 
iline present. We have determined 
the proportion of adrenaline in 
such a mixture by calculating the 
ratio of the height of the contrac- 
tion of the nictitating membrane 
to the height of the blood pressure 
rise. 

Volumes of solution are chosen 
for injection which give similar 
rises in blood pressure, and it 
would probably be best to confine 
comparisons to those effects in 
which the blood pressure rise is 
exactly the same. Since this is not 
practicable the ratio of the nictita- 
ling membrane contraction to the 
blood pressure rise is determined in 
order to correct for small differ- 
ences in blood pressure rise. The 





FiG. 1.—Spinal cat. Upper record : contractions of normal 


elative effects of noradrenaline nictitating membrane. Lower record: blood pressure. 
N) and adrenaline (A) on _ the At A, injection of 10 yg. /-adrenaline. At N, 10 yg. 
ood pressure of spinal cats were noradrenaline. At X, 1 c.c. unknown. At 50, I c.c. 


» Riithe pines containing 5 wg. adrenaline and 5 yg. noradrenaline. 
manne by Biilbring 7 1949) to bie At 25, | c.c. containing 2.5 wg. adrenaline and 7.5 yg. 
reatly, the N/A ratio in 15 experi- noradrenaline. Note that the effect of X on the 
ents being 0.615-—2.0, and it might membrane lies between the effect of 25 and 50. 


» argued that this variation must 
fect the result of the calculation of the ratio of the nictitating membrane contraction 
} the blood pressure rise. However, our procedure appears to be justified in practice 
y its accuracy, which we have determined. 
RESULTS 

Solutions of /-adrenaline and /-noradrenaline were prepared each containing 
) ug./ml., and from these three mixtures were made containing 25 per cent, 
0 per cent, and 75 per cent adrenaline. The five solutions were then injected 
ito different spinal cats, using amounts of each which produced similar effects 
n the blood pressure. Thus in one of the earliest experiments the results shown 
1 Table I were obtained in five consecutive injections. The figures for the 
itio have been plotted as ordinates against the percentage of /-adrenaline as 
bscissae in curve A (Fig. 2). 
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TABLE I 
Rise of ‘ : 
‘ Amount Contraction Ratio 
Subst Age 
ae injected Bsn of membrane 1,00 
/-norad renaline Fe — 116 ml. 7 4 mm. a 34 
75% N and 25% A 0.75 ml.* 114 ,, HRS 53 
50% N and 50% A 0.75 ml.* bs .. 80 
25%” N and 75°? A 0.75 ml.* | 108 ,, 2 ,, 11 
/-adrenaline 7.5 pg. , 110,, 16 ,, 145 





* Containing 7.5 ug. of mixture. 
400r In this and in other earlier experi- 
ments the left carotid artery was 
ligated and the right carotid artery was 
closed by an artery clip during the 
period of making the spinal prepara- 
tion; the nictitating membrane was 
therefore without a blood supply for 
some time and the contractions when 
the artery was released were poor. In 
later experiments much better con- 
tractions of the membrane were 
obtained by leaving the carotid 
artery open. Thus curve B (Fig. 2) 
was drawn from the mean results in 
another experiment in which several 
observations were made of the ratio 
for each solution, as shown in Table II. 
The relation in Fig. 2 is nearly but not 
quite linear, both curves having a 
slight upward concavity, due to the 
very slight activity possessed by 
noradrenaline. 


300 


200 


100 





Performance of test-——When de- 
termining the proportions of adren:- 
line and of noradrenaline present in a 
mixture it is not necessary to construct 
a curve like B in Fig. 2. It is sufficient 
to determine by inspection betwee! 





‘ 





25. 50. ,70 100 





Fic. 2.—Abscissae: percentage of adrenaline in a 
mixture with noradrenaline. Thus 25 means 
25 per cent adrenaline and 75 per cent noradren- 
aline. Ordinates : Ratio (< 1,000) of contrac- 
tion of normal nictitating membrane to blood 
pressure rise. (A) shows relation obtained in 
an experiment in which carotids were clamped 
during the preparation. (B) shows relation ina 
later experiment in which the carotid artery 
was left open. 


which known mixtures the unknown 
mixture lies, and then to obtain 
several records of the effects of thes 
known mixtures and of the unknown 
mixture. Thus in Fig. 1 it will b- 
seen that the effect of the unknovw ) 
is slightly less than that of a 50:° ) 
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TABLE II 








Ratio (< 1,000) of membrane contraction to B.P. rise 








Adrenaline 75 A/25 N 50 A/50 N 25 A/75 N | Noradrenaline 
344 258 212 | 148 95 
297 203 141 
| 184 | 155 
258 122 
193 110 46 
| | 159 
| 218 | 
| | 193 | 112 63 
114 
Mean 344 271 200 | 133 | 68 





mixture and much greater than that of a mixture of 25 A/75 N. This information 
was obtained as a result of only five injections, and at once indicated that the 
proportion of adrenaline was about 45 per cent. 

In making the estimation more certain, the course adopted depends on the 
preparation. In some spinal cats the effect of injecting a given volume of a known 
mixture varies greatly as the experiment proceeds. It is then essential to compare 
the effect of each injection of the unknown with the adjacent injections of known 


mixtures only and to do this several times. 


Several results are then obtained 


for the percentage of adrenaline and noradrenaline in the unknown, and the mean 
result is taken as the correct value. In other cats, however, the effect of a given 
volume of a known mixture does not vary much, and then the result can be obtained 
by comparing the mean ratio for the unknown with the mean ratios for the known 


mixtures. 


Accuracy and applicability of the method.—We have determined the accuracy 
of the method by preparing ten mixtures of adrenaline and noradrenaline. Five 
of these were examined by D. E. H. and five by R. H. O. P., neither of whom knew 
what the actual composition of any mixture was. The results are given in Table ITI, 


TABLE III 


ESTIMATES OF KNOWN MIXTURES AS UNKNOWN 


Figures are adrenaline percentage 





Exp. First 
l 56 
2 87 
3 30 
4 75 
5 42 
6 83 
7 a5 
8 49.8 
vy) 60 

10 8 








| 
Second Third | Fourth Fifth | Mean Actual 
66 61 —_ mm ft | 65 
60 65 —_ — | 2 + 7 
22 24 hike i 25 25 
56 69 75 | ie 69 | 66 
57 52 SC 59 45 a |= 
88 85 om | we | Boe 
42 | 26 47.5 58 | 40 40 
50.8 | 49.2 54.2 sin 51 | 50 
57.5 | 59 63 53 59 | ~~ #65 
31 | 42 — — ~~ | 
| 
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which also shows the scatter of the different estimates in each experiment. Since 
R.H.O.P. had no previous experience of work with this preparation, the agreement 
obtained between the estimated and the actual composition is satisfactory. 

The method is applicable when the total amount of adrenaline and noradrenaline 
together is not less than 10 ng. This when present in | ml. would allow one injec- 
tion of unknown. If 50 yg. is available, the accuracy of the result should be high. 

In comparing adrenal gland extracts, the method might give a figure for the 
percentage of adrenaline present which is too great, since such extracts have a 
depressor constituent which may reduce the rise of blood pressure, and so increase 
the value of the ratio. However, in comparing two similar extracts, an estimate 
of the difference in the percentage of adrenaline present should still be possible. 
In comparing extracts we exclude the suprarenal glands from the circulation. 


SUMMARY 


1. A rapid biological method for the estimation of the percentage of adrenaline 
and noradrenaline in a mixture is described. 

2. The contractions of a normal nictitating membrane and the blood pressure 
are recorded in a spinal cat. Probably a cat anaesthetized with chloralose could 
also be used. 

3. The ratio of the height of the membrane contraction to the rise in blood 
pressure bears an almost linear relation to the percentage of adrenaline present, 
provided that the solutions injected cause about the same rise of blood pressure. 

4. The method is applicable to total amounts of adrenaline and noradrenaline 
not less than 10-30 yg. in 1-3 ml. 

5. The method has a high degree of accuracy. 

The work has been done during the tenure by one of us (D.E.H.) of a Medical 
Research Fellowship awarded by the National Research Council of Canada, and by 


another of us (R. H. O. P.) of a grant from the Medical Research Council of Gt. Britain. 
We wish to thank Dr. M. L. Tainter, of the Sterling-Winthrop Research Institute, for 


a sample of /-noradrenaline (arterenol) 
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If by exhibition of a drug or by other means it were possible temporarily to 
modify the permeability of the blood-brain barrier, the experimentalist would acquire 
a technique of no little value for investigating some outstanding problems of neuro- 
physiology and of the pathogenesis of nervous disease. The literature contains a 
number of references to measures which are supposed to increase or to decrease the 
permeability of the blood-brain or the blood-cerebrospinal fluid barrier. The 
evidence on which the claims are based, however, is not always unequivocal, nor is 
it always certain that the effects observed are due wholly or in part to altered perme- 
ability per se (see Broman, 1941). In other work no specific claim of altered 
permeability is made, though often this interpretation of the effects described is 
implicit. In the present investigation we sought by rather drastic measures to modify 
the passage into the brain first of dyes, then of convulsant drugs and morphine, and 
later of substances the presence of which in the brain can be detected by chemical 
means ; the reasons for the choice of many of the measures are apparent from the 
brief résumé of the literature given below. 


Vleasures reported to influence the passage of substances into the brain or cerebrospinal 
fluid 


Adrenaline.—Stern, Slatowierow, and Kremlew (1927) showed that in cats and 
ibbits the administration of adrenaline caused trypan blue to colour the brain, which 
ormally it fails to do. 

Friedemann and Elkeles (1932a and b) and Friedemann (1937) described an 
auxo-neurotropic ” effect of adrenaline and pituitrin (but not of insulin or thyroxin). 
ombining adrenaline with pituitrin avoided the undesirable side-effects of adrenaline 
ven alone. Injected intravenously into rabbits these substances increased the perme- 
bility of the blood-brain barrier for narcotics, convulsants, and dyes which normally 
enetrate the brain, but not for drugs, dyes, and toxins to which the barrier is normally 
npermeable. The tolerated dosage of adrenaline and pituitrin varies greatly in 
ifferent species of animals (see Hurst, 1944, p. 114). 


Theocin.—Frohlich and Zak (1927) and Franceschetti and Wieland (1928) found 
hat theophyllin sodium acetate (theocin) injected intravenously favoured the passage 
»f drugs into the brain or cerebrospinal fluid. The former obtained positive results 
with acid dyes and morphine in frogs, morphine in rabbits and cats, magnesium 
chloride in rabbits, and potassium ferrocyanide in mice and guinea-pigs. Inconstant 
results were obtained with bromide, and negative results with antipyrin in mice and 








148 E. WESTON HURST and O. L. DAVIES 


guinea-pigs. The latter authors similarly increased the passage of an arsenical into 
the cerebrospinal fluid of rabbits. 


Urethane.—Although no observations were made on the blood-brain barrier, Hurst 
(1942) noticed that monkeys receiving urethane developed severe and generalized oedema 
suggestive of an effect on capillary permeability, an effect already demonstrated in 
perfused preparations by Landis (1927). 


Histamine——Sprockhoff (1935) reported that subcutaneously administered histamine 
increased greatly the passage into the cerebrospinal fluid of acid fuchsin given intra- 
venously to dogs. 


Hexamine.—Le Févre de Arric and Millet (1926) claimed that urotropine (hexamine) 
given intravenously before herpes virus enabled the latter to pass the blood-brain 
barrier and set up encephalitis in rabbits. From the facts now known regarding the 
pathogenesis of herpetic infection of the nervous system after intravenous inoculation 
(Cooke, Hurst, and Swan, 1942) it is not certain that this claim is valid. 

Stern and Zeitlin (1927) and Stern, Kassil, and Lokschina (1927) found that 
urotropine in cats and rabbits favoured the passage through the barrier of trypan 
blue, but not of congo red, sodium ferrocyanide, sodium iodide, or bismuth subnitrate. 
Mutermilch (1926) forced antibodies and an arsenical through the blood-cerebrospina! 
fluid barrier, and Stern, Kassil, Lokschina, Romel, and Zeitlin (1928) haemolysins 
through this barrier by the same treatment. 


Glycerol, hypertonic and hypotonic solutions —King (1942) showed that sudden 
dehydration, resulting from intraperitoneal or intramuscular administration of 50 per 
cent glycerol or of hypertonic (30 per cent) saline, greatly facilitated invasion of the 
brains of mice by the virus of equine encephalomyelitis given intramuscularly (but 
not intranasally or intraocularly). The procedures mentioned lowered the weight of 
the brain and increased the percentage of solids in it.* No facilitation followed 
violent shifts of electrolytes by the administration of large doses of distilled water 
or of 5 per cent glucose. The slow dehydration consequent upon deprivation of 
water for 24-48 hours had no facilitating effect. 

Previously, Stern, Zeitlin, and Gozman (1928) had found that when the osmotic 
pressure of the blood of cats and rabbits exceeded A = 0.72 haemolysins passed into 
the cerebrospinal fluid; above A = 0.8 sodium iodide and potassium ferrocyanide 
passed, and at A = 0.9 trypan blue and congo red. Similar effects followed falls 
of osmotic pressure below A = 0.45. The altered osmotic pressures were brought 
about by intravenous hypertonic Ringer solution, concentrated glucose solution, 01 
strongly hypotonic solutions. 


Insulin and coal-gas.—Insulin shock and poisoning with coal-gas enabled Findlay 
(1942) to localize in the brains of adult mice neurotropic yellow fever virus injected 
intraperitoneally ; normally it is only in very young mice that the virus produces 
encephalomyelitis after inoculation by this route (Theiler, 1930). Findlay suggested 
that capillary walls damaged by lack of oxygen during the hypoglycaemic crisis o: 
otherwise may permit virus to seep through. 

Siengalewicz (1924) exposed rabbits to coal-gas and modified the permeability o 
the cerebral] blood vessels so that they readily passed trypan blue. 


* At autopsy on mice treated with glycerol we have noticed through the thin cranial vau’ 
that the brain is of a deep plum-colour, and often that free blood lies in the subdural spac« 
Histologically, in specimens which have been fixed before the cranial vault has been remove 
not only are the cerebral vessels distended with closely packed red-blood-corpuscles, but masse 
of these may lie free outside the vessels of the meninges. These observations point to 
considerable degree of disturbance of the cerebral circulation. 
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Stern and Lokschina (1927) and Stern, Kassil, and Lokschina (1927) observed that 
»xposure to carbon monoxide assisted the passage of bismuth subnitrate and of 
solloids such as trypan blue and congo red into the brain and cerebrospinal fluid of 
‘abbits and mice, but did not have this effect with sodium ferrocyanide and sodium 
odide. From this and other work they concluded that altered permeability for one 
substance does not allow prediction of the effect with other substances more or less 
similar chemically or physico-chemically. 


Ether——Teague and Perdue (1948) reported that the cerebrospinal fluid of dogs 
anaesthetized with ether contained 80 per cent more sulphathiazole (administered 
intraperitoneally) than did that of unanaesthetized animals. Anaesthesia with dial- 
urethane led only to a 20 per cent increase, while chloroform anaesthesia had no 
such effect. The authors relate variations in the passage of substances from blood to 
cerebrospinal fluid to (a) the total blood-flow through the brain and (b) the state of 
permeability of the cerebral capillaries. 


Vital dyes——Cobb, Cohen, and Ney (1938) observed that intraperitonealiy adminis- 
tered brilliant vital red and neutral red increased the resistance of mice and rabbits 
to various convulsant drugs (cocaine, strychnine, picrotoxin, etc.) but not to electrically 
induced convulsions. Aird (1939) and Aird and Strait (1944) confirmed this observation 
and suggested that the cause is a decreased permeability of the blood-brain barrier, 
since spectrophotometric determinations showed a reduction by 30-40 per cent in the 
amount of cocaine passing into the brain and cerebrospinal fluid of dogs and cats 
treated with brilliant vital red or trypan red. Aird and Strait found that the maximum 
effect with trypan red, a dye closely related to brilliant vital red, occurred after three 
or more daily doses of the dyestuff. 


METHODS 


A previous article (Davies and Hurst, 1948) outlined the precautions taken in 
selectng and preparing mice (20 g. + 0.5 g.) for experiment. 

In the experiments with dyes we gave groups each of six mice two intraperitoneal 
doses at an interval of one hour ; the inoculum measured 0.25 or 0.5 c.c. and contained 
the largest amount of dye tolerated in earlier experiments in which about 100 dyes 
were examined for ability to stain the nervous tissue. Fifteen minutes after the 
second dose we administered the substance under test for an action on the blood-brain 
barrier ; for brevity, we shall refer to these substances as “adjuvant” drugs. The 
following “adjuvants,” dissolved in 0.1 c.c. water, were injected intravenously in 
exactly 10 seconds :—Adrenaline, 0.005 mg., and pituitrin, 0.1 unit; theocin, 4 mg. ; 
sodium lactate, 16 mg.; urethane, 20 mg.; histamine, 7 mg.; hexamine, 50 mg. ; 
insulin, 0.6 units. Mice receiving insulin had been fasted during the previous 24 hours. 
Glycerol (50 per cent v/v) and hypertonic saline (30 per cent w/v) were given intra- 
muscularly in doses of 0.25 c.c. Control mice always received an appropriate dose 
of water. In other experiments, starting 15 minutes after the second injection of 
dye we maintained anaesthesia with ether for 30 minutes, or exposed the mice inter- 
mittently to coal-gas to produce unconsciousness for a total of 10 minutes. In these 
experiments the controls remained without treatment. An hour after administration 
of the “adjuvant” drug, or after withdrawal of the anaesthetic or coal-gas, the mice 
were killed. After being inspected, their brains were fixed overnight in a minimal 
quantity of formol-saline, after which a cut surface was compared with water-colour 
washes matching the tints obtained in preliminary experiments with various doses of 
dye. To each arbitrarily chosen depth of colour we assigned a number, and calcu- 
lated the total “score” for each group of mice. When any suggestion of an effect 
was obtained, we repeated the test four or six times. 
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In a second series of experiments, many of the drugs mentioned above were 
tested for an effect on the mortalities resulting in mice from the administration of 
the convulsant drugs studied in our previous work (Davies and Hurst, 1948)—strychnine, 
cocaine, and picrotoxin. In most instances we injected the convulsant, dissolved in 
0.1 c.c. water, intravenously in exactly 10 seconds, and followed it immediately by 
the “ adjuvant” drug similarly dissolved. Glycerol (50 per cent v/v) was given intra- 
muscularly in a dose of 0.25 c.c., and the convulsant drug intravenously 10 minutes 
later. One set of controls received convulsant followed by the appropriate dose of 
water, another set the “adjuvant” drug followed by water. A single experiment 
consisted in testing a given “adjuvant” drug against all three convulsants, using 
groups each of 10 mice; the observations were repeated on other days, usually by 
a different operator. 

Previous workers using these convulsant drugs have observed the intensity of the 
ensuing convulsions. Where a large number of mice are under test at one time. we 
felt that the observer might fail to notice a slight convulsive tendency in a particular 
animal, and that error was less likely if mortality was taken as the index of action 
of the drug. We realize that, while with strychnine and picrotoxin death is due purely 
to the action of the drug on the central nervous system, with cocaine other actions 
may be partly responsible. 

We carried out tests with morphine on rats of 150-200 g., noting their reaction- 
time to a thermal stimulus according to the method of Davies, Raventés, and Walpole 
(1946). After a preliminary test to ascertain that their responses were within normal 
limits, the animals were arranged in groups of five with particular reaction-times 
evenly distributed throughout. Not less than 48 hours after the preliminary test, the 
observations with morphine and “ adjuvant” drugs were made in a manner comparable 
with that described for the convulsant drugs. 

In a further series of experiments, sulphanilamide or sulphanilic acid dissolved 
in 0.1 c.c. water was given intravenously to mice. Ten minutes later the “ adjuvant” 
drug or water was administered by the same route (glycerol was given intramuscularly 
immediately after sulphanilamide or sulphanilic acid), and ten minutes later (twenty 
minutes in the case of glycerol) the animals were killed. The time of autopsy relative 
to that of administering sulphanilamide was determined from experiments to be reported 
in a future publication. Chemical estimations followed the method of Rose and Bevan 
(1944). A single experiment included one or more mice on one or more dose-levels 
or sulphanilamide or sulphanilic acid for each “adjuvant” under test, together with 
two or more control mice receiving water instead of “adjuvant.” The observations 
were repeated once or more as necessary. In the experiments with coal-gas, the 
mice were kept unconscious for a total of 10 minutes immediately before and again 
immediately after injection of the sulphanilamide. In the experiments with ether they 
were kept continuously anaesthetized from the time of giving sulphanilamide and were 
killed after 30 or 20 minutes (sulphanilamide and sulphanilic acid respectively). 

Finally we examined trypan red (C.1.438), brilliant vital red (C.1.456), and neutral 
red (C.1.825) for a restraining effect on the passage of drugs into the brain. With 
the first two we gave intravenously three daily doses of 0.1 c.c. of a 0.5 per cent 
(w/v) solution (1 c.c./100 g. of 2 per cent (w/v) solution intraperitoneally to rats), 
and on the fourth day the convulsant drug, morphine, or sulphanilamide. Because 
neutral red (0.1 c.c. of 0.2 per cent (w/v) intravenously to mice; 1 c.c./100 g. of | 
per cent (w/v) intraperitoneally to rats) is removed much more easily from the tissues, 
we administered a further dose of the dye half an hour before the convulsant drug, 
morphine, or sulphanilamide on the fourth day. Control animals received similar 
preliminary treatment with water. For the chemical estimations a second series of 
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controls received dye followed by water instead of sulphanilamide, as a check on the 
influence, if any, of dye extracted from the capillary endothelium or brain on the 
reading of the colour-reaction engendered in the test. Neither the dye nor the products 
of its breakdown had any appreciable effect. 


RESULTS 
Experiments with dyes 


The dyes used were as follows. Acid dyes : azogeranine, C.I.31 ; benzopurpurine, 
C.1.448 ; brilliant vital red, C.1.456; chlorazol fast scarlet, C.I.327; chromazol 
yellow, C.1.441 ; dianil blue, C.I. 465 ; pontamine sky blue, C.I.518 ; new wool blue ; 
wool blue. Triphenylmethanes : disulphine blue VS ; isamine blue, C.1.710. Basic 
dyes : bismarck brown G, C.1.331 ; methylene blue, C.1.922 ; neutral-red chloride, 
C.1.825. These dyes represent a number of chemical types. They were chosen on 
account of their relatively low toxicities from about a hundred dyes which had previ- 
ously been tested for ability to pass the blood-brain barrier. The acid dyes normally 
pass the barrier with difficulty, if at all, when administered in the largest doses 
tolerated. Microscopically, in slightly coloured brains, particles of dye may some- 
times be seen in the capillary endothelium, in mesodermal cells closely applied to 
the outer walls of the capillaries, or in both ; if any dye penetrates the nervous tissue 
proper it is present in too low a concentration to be seen in frozen sections cut at 
25 ». On the other hand, many of the triphenylmethanes, which though classed as 
acid dyes behave in fact as “ zwitterions,” colour the brain quite well ; this is so with 
disulphine blue, whereas isamine blue behaves like acid dyes generally. The wool 
blues (anthraquinones) also stain the brain readily. As is well known, most basic 
dyes enter the brain freely. 

We studied the effect of adrenaline and pituitrin, theocin, sodium lactate, 
urethane, histamine, hexamine, glycerol or hypertonic saline, insulin-shock, ether- 
anaesthesia, and exposure to coal-gas upon the passage into the brain of these dyes. 
The full range of dyes was not tested with every “ adjuvant ” drug or treatment, but 
on every occasion several acid dyes, the triphenylmethanes, and at least two basic 
dyes were included. 

In most tests no distinct difference existed between mice receiving dye succeeded 
by water and those receiving dye succeeded by a drug or other treatment. In the 
following instances moderately increased staining appeared to result; adrenaline 
and pituitrin with bismarck brown, neutral red, and methylene blue ; theocin with 
bismarck brown ; histamine with neutral red ; ether-anaesthesia with bismarck brown, 
neutral red, methylene blue, and new wool blue ; exposure to coal-gas with bismarck 
brown, neutral red, methylene blue, and disulphine blue. It will be noted that all 
these dyes normally pass the blood-brain barrier without difficulty. The only out- 
standingly positive results were with glycerol or with hypertonic saline. Here, in 
repeated tests, there occurred slightly increased coloration with such acid dyes as 
chlorazol fast scarlet and brilliant vital red, which normally penetrate the brain with 
great difficulty. The coloration with pontamine sky blue and disulphine blue was 
markedly deepened, as was also that with bismarck brown, neutral red, and methylene 
blue. Urethane appeared to diminish penetration by neutral red and methylene blue. 

On the whole, for a variety of reasons, we did not consider these experiments 
with dyes completely satisfactory. With any given dose of dye, considerable varia- 
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TABLE II 


MORTALITIES IN GROUPS OF 10 MICE INJECTED WITH A CONVULSANT AFTER PRELIMINARY 
TREATMENT WITH A VITAL DYE 


0.1 c.c. of 0.5 per cent trypan red or brilliant vital red was given intravenously on three 

successive days and the convulsant dissolved in 0.1 c.c. water twenty-four hours after 

the last dose; 0.1 c.c. of 0.2 per cent neutral-red chloride was given intravenously on 
four successive days and the convulsant half an hour after the last dose. 






































| sii 
Trypan | Brilliant Neutral-red 
Convulsant drug red | Water uiest weal Water chitesidn Water 
strychnine hydrochloride | 

0.0107 mg. Ae -- | 5,4,5 | 8,7,7 | 6,9,7,6,8 | 5,4,5,7,6 | 5,4,8,6,6 | 7,5,6,7,7 
Cocaine hydrochloride . 

0.47 mg. is wae § 5 | 4, 3,3 | 8,4,6,6,8 | 6,6,6,3,8 | 9.4,6,6,6 | 7,3,8,7,6 
Picrotoxin 0.075 mg. .. > pe | 7,5,6 1 423.4,3 | 1,469 32.2543 3,5,5,7 
Water 0.1 c.c. 10,00) — | 0,0,0,0,0 0,0,0,0,0 

TABLE III 


MEAN ALTERATION IN SECONDS OF REACTION-TIMES TO A THERMAL STIMULUS IN GROUPS OF 5 
RATS INJECTED WITH MORPHINE AND AN “* ADJUVANT” DRUG 


Glycerol was given intramuscularly; the other “‘ adjuvant ’’ drugs in a volume of 0.25 c.c. 

intravenously. Glycerol was given ten minutes before morphine; all other ** adjuvants ” 

immediately after morphine. The figures show the difference between the mean reaction- 

times 15 min. after morphine and those before morphine. The figures in parentheses are 
the grand means for the various groups. 


| ; 
Morphine 0.2 mg./ hy a ae -_ 





** Adjuvant ”’ drug and ** Adjuvant ”’ drug 





























dose/100 g. and water | 100 g. and water | vant” drug 
—— -s | | 
\drenaline 0.002 mg. and | 0 +1.38 +2 
pituitrin 0.04 unit 0.08 | 41.48 41.5 
| = 49,09 9-10) | 4. 496 (1-35) 41.49 @-14) 
| 4.0.37 | $1.26 42.98 
heocin20mg. ..  .. —0.28 | 41.34 | +1.00 
0.05 +2.00 +0. 
en) 4 +0.38 0.73) 
| 0.44 +194 +0.75 
dium hactate40 mg. .. | +0.23 | +1.76 +1.30 
| 40.52 (0.32) + 1.66 (1.85) 41.44 (1.89) 
+0.20 4214 42.92 
istamine 17.5 mg. +1.52 +1.68 +4.16 
} +119 4-32) +1320 +4.30 4-23) 
a 0.08 (—0.05) {i302 +o 
) per cent (v/v) glycerol I c.c. 0.01 +1.46 +1.22 
+0.13 (0-06) +1.16 4-3) +1.05 (1-14) 
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tions in the depth of staining occurred from mouse to mouse ; moreover, day-to-day 
variations in repeat experiments seemed difficult to eliminate, while the possibility 
of subjective errors in reading the results was not absent. 


Experiments with convulsant drugs and with morphine 


The convulsant drugs studied were those employed in a previous investigatio: 
(Davies and Hurst, 1948). Table I shows the mortalities resulting in groups eac! 
of 10 mice from (a) the convulsant combined with the “adjuvant” drug, (b) th 
convulsant combined with water, and (c) the “ adjuvant ” drug combined with wate: 
Table II presents similar results for the convulsant drugs and vital dyes. Tables I! 
and IV record the observations in groups each of five rats in which morphin 
was substituted for a convulsant drug. Table V summarizes the conclusions to 
be reached from these results. 

It will be seen that some “adjuvant” drugs, namely adrenaline and pituitrin, 
theocin and (save for a single observation with strychnine) histamine, consistently 
increased the mortality due to each convulsant. With many “ adjuvants ” the overall 
effect was significant ; had the experiments been repeated a greater number of times 
it is probable that significance would have been attained with them all, since there 
were no observations in the reverse direction. On the other hand, adrenaline and 
pituitrin only slightly increased the effect of morphine, theocin decreased it, and 
histamine, while markedly increasing the effect, itself altered considerably the time 
of reaction to a thermal stimulus. The remaining “ adjuvants” were even less 


TABLE IV 


MEAN ALTERATION IN SECONDS OF REACTION-TIMES TO A THERMAL STIMULUS IN GROUPS OF 5 
RATS INJECTED WITH MORPHINE AFTER PRELIMINARY TREATMENT WITH A _ VITAL DYE 


1 c.c./100 g. of 2 per cent trypan red or brilliant vital red was given intraperitoneally on three 
successive days and the morphine dissolved in 0.25 c.c. water twenty-four hours after the 
last dose. 1 c.c./100 g. of 1 per cent neutral-red chloride was given intraperitoneally on 
four successive days and the morphine half an hour after the last dose. The first column 
of figures shows the difference between the mean reaction-times after and before treatment 
with dye. The second column shows the difference between the mean _ reaction-times 
15 min. after morphine and those before morphine. The figures in parentheses are the 
grand means for the various groups. 



































Preliminary treatment No morphine Morphine 0.2 mg./100 g. 
Water ee , | +144 
rei 
| 144 (1.29) 
+1.00 
Trypan red as a ne ZZ +0.09 a He 
+0.96 +t. 
| 0,06 9-02) 4.1.29 (!-23) 
| 1.08 | +0.86 
Brilliant vitalred ww wssCd 0.04 40.85 
+-0.40 (0.06) + 1.26 (0.96) 
0.18 | +0.76 
Neutral-red chloride ..  .. | 026 | 46.32 
+0.74 (0.15) +-4.76 (5.88) 


~ 0.02 +6.56 
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EFFECT OF “‘ ADJUVANT” DRUGS AND VITAL DYES ON THE TOXICITY OF CONVULSANTS AND 


OF MORPHINE. SUMMARY OF CONCLUSIONS REACHED FROM THE DATA 


The level of significance used is P = 5 per cent. 


IN TABLES I-IV 








** Adjuvant ” Effect on the-toxicity of 
drug or | — 
vital dye Strychnine | Cocaine | Picrotoxin | Morphine 








Adrenaline and | Significant increase | Increase — nearly | 
pituitrin | significant 


Significant increase 


Slight increase — 
not significant 





Theocin 


| Significant increase | Significant increase | 


Significant increase 


Significant decrease 





Sodium lactate | Decrease — nearly Significant increase | 
| significant in later | 


Significant increase | 


No apparent effect 



































| tests 
Urethane . | Significant decrease) Significant increase | Significant decrease} Not examined 
Histamine .. | Increase — nearly Significant increase | Significant increase | Significant increase 
significant | 
Hexamine .. | Slight decrease— | Decrease — very | Significant decrease} No apparent effect 
not significant nearly significant 
Glycerol a Significant increase | Significant decrease| Significant increase | Slight decrease— 
not significant 
I'rypan red .. | Significant decrease) Decrease — not Slight decrease— | No apparent effect 
| significant not significant 
a de in Me A ae ER ag 
Brilliant vital | Increase — just | Slight increase— | Significant decrease) Decrease — nearly 
red signiticant | not significant significant 
Neutral-red | Slight decrease — | No apparent effect | Decrease — almost | Significant increase 
chloride not significant significant 




















consistent in their behaviour. Sodium lactate increased mortality from cocaine and 
picrotoxin and possibly from strychnine, but had no clear effect with morphine. 
Urethane also differed in its action with the various convulsants. Perhaps the most 
unexpected result was the decreased effects of cocaine and morphine in the presence 
of glycerol, since all other work (see above and below) pointed to glycerol as having 
the most pronounced effect of any “ adjuvant” in forcing substances into the brain. 

As expected from reports in the literature, trypan red reduced mortality with 
all convulsants, but with morphine it had no effect. Brilliant vital red and neutral- 
red chloride also acted very differently with the various test-substances. 

The fact that most “adjuvants” and vital dyes produce quite different effects 
vith different test-substances suggests that, without further evidence, we cannot 
assume these effects to be due necessarily to an increased or decreased passage of 
test-substance into the brain; in some combinations, of which perhaps that of 
morphine and theocin is an obvious example, the final result may be the outcome 
of synergistic or antagonistic interaction of the two drugs, quite independent of 
factors of permeability. It seemed that a conclusion could be reached only by 
chemical estimation of drugs passing into the nervous tissue. For strychnine, picro- 
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toxin, and morphine we were not aware of methods of estimation sufficiently sensi- 
tive for our purpose. Aird and Strait (1944), however, estimated cocaine in the 

aervous tissue of cats by a spectrochemical method ; they found that the amount 

passing into the brain was lowered by 31 per cent, and that into the cerebrospinal 

fluid by 40 per cent, in animals stained with trypan red. In our hands, unfortunately, 

the recoveries from mouse-brain were so low as to preclude us from using Aird and 

Strait’s method to decide whether or not mortalities in mice accurately reflect the 

concentration of convulsant drug passing into the brain. Accordingly we turned to 

substances which can readily be estimated in the tissues. 


VU 


| 0.55-1.31 | 1.64-3.31 


Experiments with sulphanilamide and sulphanilic acid 


These compounds were selected for test because, as we shall report in another 
paper, their behaviour vis-a-vis the blood-brain barrier is quite different. Sulphanil- 
amide readily passes the barrier and in this respect may be compared with the basic ' 
dyes. Sulphanilic acid, on the other hand, normally penetrates the brain in only 
very small amounts, thus approximating to the acid dyes. 

Table VI sets forth the concentrations attained in the brains of mice given these 
drugs combined with many of the “adjuvants” or with water. Owing to a mis- 
understanding of instructions, the mice receiving glycerol were given the undiluted 
chemical instead of a 50 per cent solution ; in consequence, the observations with 
this drug were repeated and appear in Table VII. Table VIII presents similar results 
for hexamine, Table IX for coal-gas and for ether, and Table X for trypan red and 
for neutral-red chloride. 

In the experiments listed in Table VI, more than one level of dosage of sulphanil- 
amide and sulphanilic acid was used, giving concentrations in the brain at two 
different levels. In the statistical analysis the quantities were first transformed to 
their logarithms, in order to assess whether or not the “ adjuvant ” drugs had different 
effects at the two doses, and to combine the effect at the two levels. No significant 
differences were found between the effects at the different levels of dosage. The 
mean of the logarithms is equivalent to the geometric mean of the original results, 
which fact accounts for the presentation of the entries in Tables VI and VII in terms 
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0.62—1.46 | 0.60-1.43 
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0.96 


0.77-1.55 | 0.62-—1.47 
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TABLE VII 


EFFECT OF GLYCEROL ON CONCENTRATIONS OF SULPHANILAMIDE AND SULPHANILIC ACID IN 
THE BRAINS OF MICE 


Amounts are given in mg. per 100 g. brain. Each represents an observation on a single 
animal. 
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| Sulphanilamide 2 mg. and 


Sulphanilic acid 2 mg. and 














95 per cent limits 
0.91-1.50 





Experiment 
| Water | Glycerol (50 per cent (v/v))|_ Water | Glycerol (50 per cent (v/v)) 
I 6.0 | 5.6 0.84 1.14 
5 2 5.4 | 6.8 0.29 0.75 
‘s 3 5.7 7.7 0.30 0.83 
Ratio to geometric mean of control | Ratio to geometric mean of control 
1.17 2.13 


95 per cent limits 
1.20-3.79 
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of geometric means. For the sake of consistency the same transformation is used 
for the results of the experiments in Tables VIII—X. 

From the mean ratios in Tables VI and VII, and the limits to be associated with 
them owing to experimental error, it is obvious that the only individually significant 
effects are for glycerol and 50 per cent (v/v) glycerol and sulphanilic acid. Glycerol 
has the apparent effect of doubling the concentration of this drug in the brain; 
Owing to experimental error the true increase may be as low as 64 per cent or as 
high as 230 per cent. Since, however, it appears reasonable to combine the results 
for glycerol and 50 per cent glycerol, we obtain by so doing the following figures: 


Sulphanilamide: mean increase 15 per cent; 95 per cent limits of error 
1—31 per cent. 

Sulphanilic acid: mean increase 128 per cent; 95 per cent limits of error 
69-208 per cent. 


We conclude therefore that glycerol has a significant adjuvant action with sulphanil- 
amide also, though this action is less pronounced than that with sulphanilic acid. 

For none of the other “ adjuvant ” drugs listed in Table VI do the ratios approach 
the level needed for significance. We can say, however, that their adjuvant action, 
if any, is not likely to exceed 25 per cent for sulphanilamide or SO per cent for 
sulphanilic acid. The margin of error is greater for the latter owing to the higher 
relative variability between mice, probably associated with technical difficulties in 
estimating low concentrations of drug in the nervous tissues. 

Table VIII shows that hexamine has no statistically significant effect on the 
concentration of sulphanilamide in the brain, whereas it causes a significant increase 
of about 22 per cent (95 per cent limits of error 5—43 per cent) in the concentration 
of sulphanilic acid. 

From Table IX it will be apparent that coal-gas produces a significant reduction 
of 36 per cent (95 per cent limits 24—46 per cent) in the concentration of sulphanil- 
amide in the brain, whereas ether has no significant effect. Both coal-gas and ether 
increase significantly the concentration of sulphanilic acid, by 150 per cent (95 per 


TABLE VIII 


EFFECT OF HEXAMINE ON THE CONCENTRATIONS OF SULPHANILAMIDE AND SULPHANIL'C ACID 
IN THE BRAINS OF MICE 


Amounts are given in mg. per 100 g. brain. Each represents the mean of the concentrations 
in a group of three mice. Hexamine was given as stated in Table I and the mice were 
killed 10 min. later. 




















Sulphanilamide 2 mg. and Sulphanilic acid 4 mg. and 
Experiment , = ; a 
Water — “. Ratio Water —_ - Ratio 
| 4.84 4.14 0.86 0.92 0.94 1.03 
2 4.43 4.67 1.06 0.39 0.65 1.67 
3 0.57 0.64 1.12 
4 0.78 1.19 
Geometric mean of | 
ratios 
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TABLE IX 


EFFECT OF COAL-GAS AND ETHER ON THE CONCENTRATIONS OF SULPHANILAMIDE AND 
SULPHANILIC ACID IN THE BRAINS OF MICE 


Amounts are given in mg. per 100 g. brain. Each represents the mean of the concentrations 

in a group of three mice. In the experiments with coal-gas mice were kept unconscious 

for a total of 10 min. immediately before and again immediately after injection of the 

sulphanilamide or sulphanilic acid; they were killed 30 and 20 min. after receiving these 

drugs. In the experiments with ether they were kept continuously anaesthetized from 

the time of receiving drug and were killed 30 or 20 min. later (sulphanilamide and sul- 
phanilic acid respectively). 


















































| Sulphanilamide 2 mg. and Sulphanilic acid 4 mg. and 
Experiment | No | | No No | . No 
treat- | - Ratio | treat- | Ether | Ratio | treat- oo Ratio | treat- | Ether | Ratio 
| ment | 8 ment | ment | & ment 
1 | 27 198 | o73 | 416 | 442 | 1.06 | 0.84 | 2.36 | 2.82 | 0.83 | 1.03 | 1.23 
| 3.34 | 1.64 | 0.49 | 5.32 | 5.64 | 1.06 | 1.14 | 2.52 | 2.21 | 1.07 | 1.96 | 1.83 
3 3.77 2.78 | 0.74 | 0.89 | 1.43 | 1.60 
? | 
Geometric | | | 
mean of | | 0.64 1.06 2.50 1.53 
ratios | | 
TABLE X 


EFFECT OF PRIOR ADMINISTRATION OF VITAL DYES ON THE CONCENTRATIONS OF SULPHANILAMIDE 
IN THE BRAINS OF MICE 


Amounts are given in mg. per 100 g. brain. Each represents the mean of the concentrations 
in three mice. Dosing with dye as in Table II. The mice were killed 20 min. after receiving 
sulphanilamide. 





Sulphanilamide 2 mg. and 











Experiment | l s 
| Water | Trypan red Ratio Water ——— Ratio 
~ =i 264 | 1.98 0.75 4.78 4.58 0.96 
2 4.80 5.30 1.11 4.40 3.95 0.90 
3 3.93 4.40 1.12 3.82 5.06 1.33 
4 3.74 3.52 0.94 3.31 3.84 1.16 
5 4.22 4.12 0.98 3.45 3.74 1.08 
6 4.21 5.06 1.20 3.95 3.38 0.86 
{ Mean 1.01 1.04 























ent limits 93-224 per cent) and 53 per cent (95 per cent limits 24-89 per cent) 
‘espectively. 

Prior treatment of mice with trypan red or neutral-red chloride (Table X) does 
1ot influence the concentration of sulphanilamide passing into the brain. 


DISCUSSION 
In these experiments we first examined the effect of administering a variety of 


drugs, etc., on the passage into the brain of a number of acid and basic dyes. For 
the reasons stated, we were not wholly satisfied with the results and we turned to 
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(iree convulsant drugs—strychnine, cocaine, and picrotoxin—and an analgesic— 
\orphine—as indicators of passage through the barrier. Some of the results then 
btained left us in dcubt whether we had in fact modified the concentration of drug 
| the brain, or whether the effects observed demonstrated merely the lower (or 

higher) resistance of the animal to a combination of drugs rather than to a single 

drug. An attempt to resolve this quandary by spectrochemical estimation of one 
of the convulsants—cocaine—was unsuccessful, owing to low recoveries of the drug 
from the nervous tissue of mice. Finally, therefore, we used sulphanilamide and 
sulphanilic acid, which can be estimated in nervous tissue with a fair degree of 
accuracy. Table XI provides a concise summary of all the results. 

In considering the action of the individual “adjuvant” drugs, etc., it seems 
appropriate to begin in each case with the results obtained with sulphanilamide and 
sulphanilic acid, as these rest on the relatively firm basis of chemical estimation. 


Glycerol 

The experimental findings leave no room for doubt that intramuscular injection 
of glycerol leads to increased concentration of sulphanilamide and of sulphanilic 
acid in the brain. The other results with this substance, except those pertaining 
to cocaine and morphine, accord with the belief that passage of drugs into the brain 
is favoured by the very violent redistribution of body-fluids which follows injection 
of glycerol (or of hypertonic saline). With sulphanilamide, and especially with 
sulphanilic acid, the increased concentration in the brain is greater than may be 
accounted for by mere dehydration of the nervous tissues ; King (1942) has shown 
that glycerol causes the mean percentage of solids to rise to 24.8, as opposed to the 
normal 22.1. 


‘ 


Other “ adjuvant” drugs 


Apart from glycerol, no drug appeared to have anything like a uniform effect on 

he passage into the brain of the various test-substances. 

Hexamine increased penetration by sulphanilic acid, but had no definite effect 
ith sulphanilamide. Statistical consideration of the experimental data showed that, 
thin the 95 per cent limits of error, any increased passage of sulphanilamide did 
t exceed 25 per cent, with of course the probability that it was much lower, while 
- actual figures obtained (Table VIII) did not suggest an appreciable increase. 

| \ similar comment should be understood wherever no definite increase is recorded 

sulphanilamide in what follows ; with sulphanilic acid the probability was 1 in 

or less of an increase of 50 per cent.] Hexamine diminished mortality from the 

rious convulsants and left unaffected the response to morphine and the coloration 
the brain with dyes. 

The other “adjuvant” drugs produced no definite rise in neural concentration 
either sulphanilamide or sulphanilic acid. Adrenaline and pituitrin, theocin and 
stamine each increased mortality from all the convulsants used but did not act 
iiformly with respect to morphine ; they appeared to increase the passage of at 
ist some dyes normally penetrating the blood-brain barrier. Sodium lactate 
creased mortality from the three convulsants while leaving morphine and dyes 
iaffected. Urethane decreased the effects of strychnine, picrotoxin, and two dyes 
it increased that of cocaine. 


L 
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Coal-gas 


Exposure to carbon monoxide had opposite effects with sulphanilic acid (sharply 
increased passage) and sulphanilamide (decreased passage). It clearly facilitated the 
entry into the brain of dyes which easily pass the barrier. 


Ether-anaesthesia 


During anaesthesia with ether more sulphanilic acid passed into the brain, bu 
the concentration of sulphanilamide was unaffected. Dyes normally passing th: 
barrier coloured the brain more deeply during anaesthesia. 


Vital dyes 


While decreasing mortality from all convulsants, trypan red did not influence th 
analgesic effect of morphine or retard the passage of sulphanilamide into the brain 
Neutral-red chloride also failed to retard the passage of sulphanilamide; wit! 
convulsants and morphine it and brilliant vital red gave contradictory results. 


General remarks 


It is perhaps pertinent to inquire whether in the doses (near the maximum toler 
ated) given in these experiments, the “adjuvants” could have been expected to 
show an effect. If any effect were due solely or principally to a direct change in 
capillary permeability, which is almost certainly not the case with every “ adjuvant ” 
used, it should be possible also to demonstrate an effect in the skin. On the assump- 
tion that the volume of blood in the cerebral vessels is proportionate to that in the 
body generally (see Tabulae Biologicae, 1, 126) it is possible to calculate that at any 
one time the greatest amount of “adjuvant” present in the cerebral vessels of the 
mouse is roughly one-fiftieth of the total injected. This amount of “ adjuvant” 
contained in 0.05 c.c. saline was injected intradermally into the skin of a rabbit which 
5 minutes later received intravenous trypan blue (Menkin, 1936). In the areas 
receiving theocin, urethane, and particularly hexamine increased localization of dye 
occurred ; with histamine a zone of increased staining surrounded a pale central 
area ; with sodium lactate the colour of the skin matched that of a control area 
injected with saline ; while adrenaline and pituitrin constricted the vessels and led 
to greatly reduced coloration. This experiment demonstrated that, when applied 
locally, very small doses of many of the “ adjuvants ” may influence the permeability 
of capillaries of the skin, but we do not claim that the conditions in any way resemble 
those obtaining in our other experiments. Indeed, on general grounds it seems ver) 
unlikely that the effects described in this paper could all be due to simple changes 
in permeability of the capillaries of the brain. For instance, it is very unlikely tha‘ 
such drugs as adrenaline and pituitrin act by truly increasing permeability, and fo: 
this reason we have studiously avoided the use of the term “ permeability ” with 
reference to our experimental results. This point will be discussed more fully in a 
further publication dealing with the pathogenesis of equine encephalomyelitis and 
louping-ill ; Broman (1941) has already commented on the misuse of terms by) 
investigators of the blood-brain barrier. 


A second question we have asked is whether we have established the optima 
time-relation between the dose of “ adjuvant” drug and that of the test-substance 
Except glycerol, all “adjuvants” were given intravenously so that they would b 
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their maximum concentration from the moment of administration, and be avail- 
~ le immediately to influence the penetration of the test-substance already circulating 
i. the blood stream. If, however, any effect of an “ adjuvant” were an indirect one, 
i would not necessarily be achieved immediately. In order to investigate this point 

th one “ adjuvant,” we carried out a further series of experiments with theocin 
«ad sulphanilamide, in which we compared the effect of the former when given 15 

inutes before, simultaneously with, and 10 minutes after the sulphonamide. The 
:esults did not differ materially in the three cases. 

Finally, whether any of the results obtained with convulsants and morphine can 
be interpreted in terms of increased or decreased passage of these drugs into the 
:ervous system, or whether as discussed above synergisms and antagonisms between 
drugs invalidate or render dubious the results obtained in this type of experiment, it 
remains a fact that a given “ adjuvant ” drug may exhibit quite different effects with 
even closely related test-substances. The clearest example in the present series of 





| results is that of the influence of coal-gas on penetration into the brain of sulphanil- 
amide and sulphanilic acid ; here, chemical estimation reveals opposite effects, in 
that the passage of the blood-brain barrier by sulphanilamide is decreased while that 


of sulphanilic acid is enhanced by one and the same procedure. Other similar if 
, less striking differences occurring in the tests in which drug passing into the brain 
| was estimated chemically cannot be discounted, since they also were based on direct 
7 measurement rather than on the interpretation of possibly complex phenomena. 


CONCLUSIONS 


Using dyes, convulsant drugs, morphine, sulphanilamide, or sulphanilic acid as 
iest-substances, we sought to increase or decrease their passage into the brains of 
‘ice. For this purpose we administered adrenaline and pituitrin, theocin, sodium 
ictate, urethane, histamine, or hexamine intravenously, or 50 per cent glycerol 
itramuscularly. We also exposed animals to coal-gas or to ether, and stained others 
y repeated injections of vital dyes. None of the drugs or treatments had a consistent 
fect on all the test-substances. These findings recall the conclusion of Stern and 
‘r colleagues that measures increasing the penetration of one substance into the 
ain do not necessarily increase penetration of other substances more or less similar 
emically or physico-chemically. Table XI summarizes concisely the effects of 

mbining the different drugs and treatments with the various test-substances. 
We have discussed the validity of the experiments in which convulsant drugs or 
irphine constituted the test-substances, and conclude that it is preferable to use in 
s role chemical substances the concentration of which in the brain can be measured. 
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In recent years it has been shown thata substance with the physiological proper- 
ties of synthetic /-noradrenaline occurs as a regular constituent of adrenergic nerves 
(Bacq and Fischer, 1947; Tainter, Tullar, and Luduena, 1948; Euler, 1948 ; 
Graham, 1949), and probably plays an important role as a chemical nerve trans- 
mitter (Cannon and Rosenblueth, 1933). It occurs in various organs, including 
the adrenal medulla (Schumann, 1948 ; Holtz and Schumann, 1949 ; Biilbring and 
Burn, 1949a ; Euler and Hamberg, 1949), and in medullary tumours (Holton, 1949 ; 
Goldenberg, Faber, Alston, and Chargaff, 1949). In addition, it has been isolated 
and identified from natural sources such as commercial adrenaline preparations 
(Tullar, 1949) and cattle adrenals (Bergstrom, Euler, and Hamberg, 1949). 

Biilbring and Burn (1949b) showed that splanchnic nerve stimulation (after 
evisceration and ligation of the renal vessels in spinal cats) resulted in the liberation 
of varying proportions of noradrenaline with adrenaline. Their results were 
obtained in single animals by comparing the height of contraction of the denervated 
nictitating membrane with that of the normal membrane. They found that rela- 
tively more noradrenaline than adrenaline was produced on successive stimulation, 
but in cats fed with methionine the gradual decline in the proportion of adrenaline 
secreted during repeated splanchnic stimulation seemed to be absent ; this suggested 
that the gland was capable of methylating noradrenaline in order to increase its store 
f adrenaline, proof of which has now been found by Biilbring (1949), using suspen- 

ions of ground dogs’ and cats’ suprarenals, and by Biilbring and Burn (1949c) in 
erfused dog suprarenal gland experiments. We have confirmed the result that nor- 
drenaline is liberated with adrenaline when the splanchnic nerve is stimulated by 
njecting the blood from a cat’s suprarenal vein, after splanchnic stimulation, into 
ne arteries supplying the chronically denervated nictitating membrane and acutely 
enervated non-pregnant uterus of a second cat, and comparing the effects with those 
‘roduced by intra-arterial doses of adrenaline or noradrenaline. 
The theory that the substance liberated on stimulation of the hepatic nerves in 
ie cat is noradrenaline or some similar substance was put forward by Bacq (1934), 
‘tehle and Ellsworth (1937), and Greer, Pinkston, Baxter, and Brannon (1937, 1938). 
saddum and Goodwin (1947) found no evidence against this theory that liver 
ympathin is noradrenaline. Further similarity in the effects of hepatic nerve stimula- 
ion and intraportal injections of noradrenaline was recorded by West (1948). 
Guanidine or cocaine, for example, in suitable doses did not potentiate the action 
f liver sympathin or of intraportal doses of noradrenaline, whereas the pressor action 
of intraportal adrenaline was readily increased. 
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Stimulation of the splenic nerve in cats was found by West (1948) to produce a 
pure rise in blood pressure (partly due to the increase in circulating blood volume), 
which was not potentiated by intra-arterial injections of cocaine or guanidine. Intra- 
arterial doses of noradrenaline produced a pure rise in blood pressure whereas doses 
of adrenaline produced a biphasic response, a large fall in blood pressure following 
the initial small rise. In a study of the nature of splenic sympathin, Peart (1949) 
tested blood from the splenic vein after stimulation on several isolated tissues, and 
all the evidence supported the view that the substance was noradrenaline in a 
concentration of 50 to 500 myg./ml. By a procedure similar to that described unde 
the splanchnic nerve stimulation, we have been able to show that hepatic and spleni 
sympathin appears to consist almost entirely of noradrenaline. 

Injections of progesterone reverse from relaxation to contraction the response 
of the non-pregnant uterus of the cat to stimulation of the hypogastric nerve or t 
injections of adrenaline. Kennard (1937) found that the reversal of responses t: 
nerve stimulation in ovariectomized cats precedes that of responses to adrenaline 
For a period of time the non-pregnant uterus under progesterone treatment is con- 
tracted by nerve stimulation and relaxed by adrenaline. Later, Labate (1941) showed 
that cocaine potentiated the actions of adrenaline and nerve stimulation on the uterus 
of non-pregnant cats, but in pregnant animals slight differences were noted. He 
considered that the important factor for the reversal was the oestrogen—progesterone 
antagonism. Bacq and Fischer (1947) suggested that the mediator in the cat uterus 
might be noradrenaline and not adrenaline. It seemed probable from earlier work 
(Mann, 1949) that uterine sympathin in the rat might be noradrenaline and not 
adrenaline, but by the techniques described it has not been possible to reach any 
conclusion in the cat, probably owing to the small quantities of sympathin liberated. 

The present paper describes attempts to identify sympathin derived from four 
sources in the cat. 


METHODS 


Cats anaesthetized with chloralose were used in all experiments. Blood pressure 
records were taken from the right carotid artery, and injections of the drugs or of 
blood samples were made into the arteries supplying the nictitating membrane (right 
carotid) and the non-pregnant uterus (left external iliac), or into the femoral or splenic 
veins. Contractions of the nictitating membrane were recorded isotonically, usually 
7-10 days after denervation by removal of the superior cervical ganglion. The uterus 
was fixed at its lower end after acute denervation and its movements were recorded 
directly. For experiments with single cats, the splanchnic, hepatic, splenic, or hypogastric 
nerves were separated and divided centrally. The in vivo work on uterine sympathin 
was completed in the morning and afternoon and then the uteri were removed for 
the in vitro experiments in the evening. The uteri were suspended in 30 ml. Tyrode 
solution at 37° C. 

For later work, a second cat served to supply the blood samples. This anima! 
was eviscerated for the experiments with adrenal sympathin, and its left splanchnic 
nerve separated and divided centrally. The left suprarenal vein was cannulated and 
when not required for injection into the recipient cat the blood was returned to the 
donor cat via the femoral vein. For the experiments with hepatic sympathin, the 
hepatic nerve was separated and divided centrally. Blood samples were taken from 
the hepatic vein by means of a syringe and a No. 15 needle (D’Silva, 1936). In 
other experiments, the splenic nerves were dissected free from the artery and divided 
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entrally, vascular connexions of the spleen with the stomach and greater omentum 
eing divided between ligatures. The combined splenic vein was cannulated, and, 
vhen not required, the blood was returned to the donor cat via the femoral vein. 

Stimulation of the nerves was through platinum electrodes with an ordinary coil 
' a square-wave stimulator (providing impulses of 2 volt intensity, 0.1 millisec. 
‘uration and on 22-50 cycles per sec.). In most experiments, cocaine hydrochloride 
8 mg./kg.) was given intramuscularly. Dibenamine (15 mg./kg. intravenously) was 
ised as the sympatholytic agent. Solutions of /-adrenaline and /-noradrenaline were 
srepared with 0.01 N-HCl. 


RESULTS 
4drenal sympathin 

In single cats under chloralose and cocaine and after double vagotomy, the results 
of splanchnic nerve stimulation corresponded to those produced by intravenous infu- 
sions of adrenaline, since equiactive effects on the non-pregnant uterus, blood pres- 
sure, and nictitating membrane were obtained. If, however, the nerve was cut and 
left for several hours, weak stimulation then resulted in actions on the blood pressure 
and nictitating membrane which were equated by slow intravenous infusions of a 
mixture of noradrenaline and adrenaline or sometimes of noradrenaline only ; little 
action on the non-pregnant uterus was obtained. This result suggested that the 
nature of adrenal sympathin depends in part upon the length of time the nerve has 
been sectioned before being stimulated, methylation of the primary amine possibly 
being reduced (West, 1949). On the other hand, Biilbring (1949) showed that methyl- 
ation is much more active in glands which have been stimulated through the 
splanchnic nerve just before they were minced than in non-stimulated glands 
removed as quickly as possible under the most favourable conditions. 

In an effort to obtain a quantitative estimate of the relative amounts of each 
amine, it was decided to inject the blood immediately after withdrawal from a stimu- 
lated eviscerated cat into the arteries supplying the nictitating membrane and non- 
pregnant uterus of a second cat under chloralose and cocaine. Blood from the 
suprarenal vein before stimulation showed no action on the blood pressure and 
uterus and only a trace on the membrane. Immediately after sectioning and stimu- 
lating the splanchnic nerve, the blood in many cases produced results corresponding 
0 injections of adrenaline by both routes. With continued stimulation, the action 
m the uterus slowly disappeared, and by injecting mixtures of the two amines it 

as possible to show that the percentage of adrenaline in the sympathin present in 
‘he suprarenal blood usually decreased (Table I). In one cat (No. 8) only 20 per 











TABLE I 
Percentage of adrenaline released by the adrenal gland at various times by 
been in continuous stimulation of the splanchnic nerve in cats, Nos.: 
ours 
1 2 3 4 5 6 7 8 9 10 
0 100 100 100 100 100 100 80 20 100 80 
0.5 — — — — — 75 — 0 100 80 
1.0 50 50 — — 50 20 20 — 70 ~- 
1.5 — — 20 — _ — — — 30 _ 
2.0 — — — 20 — — — — — 80 
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cent adrenaline could be accounted for at the commencement of the experiment and 
this was reduced after half an hour (Fig. 1), whilst in another (No. 10) after two hours’ 
continuous stimulation the adrenaline output had not decreased. In nearly all the 





Fic. 1.—Cat, 3 kg. Chloralose. Cocaine. Record from top downwards: denervated nictitating 
membrane, non-pregnant uterus, blood pressure. Injections given into (1) external iliac artery, 
and (2) carotid artery; Bl 0.5 = 0.5 ml. blood from suprarenal vein of another cat after stimula- 
tion of the left splanchnic nerve. The result can be matched by a dose of noradrenaline (N) 
and not by adrenaline (A). 


other experiments where a large reduction of adrenaline output occurred, an increase 
in the strength of the stimulus (from 2 volts to 4 volts) resulted in a temporary rise in 
adrenaline output. Gaddum and Lembeck (1949) have recently confirmed that nor- 
adrenaline is present by carrying out parallel quantitative assays on the rat’s uterus 
and colon. 


In two other cats, 6 mg. potassium chloride was injected into the central end of 
the cut coeliac artery of the donor cat in order to stimulate the adrenal medulla : 
with this procedure, blood from the suprarenal vein was found to contain a mixture 
of approximately equal parts of adrenaline and noradrenaline (not adrenaline only 
as Feldberg and Guimarais (1936) had suggested). 
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Liver sympathin 

In single cats, stimulation of the hepatic nerves immediately after sectioning 
almost invariably caused a rise of blood pressure, part of which was due to con- 
striction of the hepatic artery. Contraction of the nictitating membrane and relaxa- 
tion of the non-pregnant uterus were also observed, these three actions being equated 
by slow intraportal infusions of a mixture of noradrenaline and adrenaline. Later, 
stimulation produced a similar rise of blood pressure and reduced contraction of the 
nictitating membrane but had little or no action on the uterus, effects equated by 
slow intraportal infusions of equipressor doses of noradrenaline. 

When the blood from the hepatic vein was collected in a syringe (D’Silva, 1936) 
during stimulation of the hepatic nerve, and injected into the arteries supplying the 
nictitating membrane and uterus of another cat, the results corresponded to those 
produced by intra-arterial injections of noradrenaline either alone or with a trace of 
adrenaline. Later estimates on the nictitating membrane and uterus indicated that 
noradrenaline only was present in a concentration of 0.4 yg. per ml. blood. 

Further similarity in the effects of hepatic nerve stimulation and intraportal injec- 
tions of noradrenaline is shown by using 2-benzyl-1-methyl-imidazoline. Gowdey 
(1948) reported that this drug potentiated the pressor action of adrenaline when 
injected into the splenic vein so as to pass through the portal system before entering 
the general circulation. In five cats, when this experiment was repeated with nor- 
adrenaline, no such potentiation was noted (Fig. 2). Very slight potentiation of the 
action of liver sympathin occurred but this was quickly eliminated. 


PoRTAL 


FiG. 2.—Spinal cat, 2 kg. 
Blood pressure record. 
All injections into 
the portal circulation: 
2 mg. 2-benzyl- 
1 - methyl - imidazoline 
(M.P.) greatly = in- 
creases the pressor 
action of 20 wg. 
adrenaline (A) but 
scarcely affects the 
pressor action of 10 
ug. noradrenaline (N). 





splenic sympathin 


In seven experiments on single cats, stimulation of the splenic nerves for 45 sec. 
esulted in a small rise of blood pressure, a small contraction of the nictitating 
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membrane, but no action on the non-pregnant uterus. This result was equated with 
that produced by intraportal infusions of about 0.1 yg. noradrenaline. 

In six out of nine experiments, the result of injecting the blood taken from the 
splenic vein of one cat after stimulation into exposed arteries of another cat indicated 
that mainly noradrenaline was liberated in a mean concentration of 0.25 yg./ml. 
blood (range 0.2—0.66 »g./ml.). Control blood samples showed no action on the 
blood pressure and uterus and only a trace on the nictitating membrane. As Peart 
(1949) reported, the stimulation caused an initial rapid increase of flow followed 
by a slowing. 


Uterine sympathin 

In a series of 16 cats under chloralose anaesthesia, it was first confirmed that 
adrenaline and noradrenaline injected into the femoral vein produced relaxation of 
the non-pregnant uterus, and in certain cases (8 out of 14 observations) the nor- 
adrenaline response was facilitated by the previous injection of adrenaline (Fig. 3). 


Fic. 3.—Cat. Chlor- 
alose. 1.4 kg. 
Non-pregnant 
uterus. The effect 
of intravenous 
adrenaline (3 yg. 
A) on the intra- 
venous injection 
of noradrenaline 
(3 wg. N). 








When these amines were injected into the external iliac artery (so that the drug passed 
directly to the uterine tissue), both were inhibitory, their effects corresponding to 
the result of hypogastric nerve stimulation. 

When pregnant cats were used, all three actions were excitatory, and ratio values 
for equiactive doses of the two amines were decreased, when compared with those 


TABLE II 


THE INFLUENCE OF THE SEXUAL STATE ON THE RESPONSE OF THE UTERUS TO EQUIACTIVE DOSES OF 
NOrADRENALINE (N) AND ADRENALINE (A), AND TO NERVE STIMULATION 

















| 
Number | Ratio N/A te —— (E) —— 
A Sexual state ie sities | Invivo | Inhibitor (1) stimulation 
= ih te Ex. I.A. action E orl 
| Immature 25 -- I I 
14 Non-pregnant 8-10 15-20 I I 
2 Oestrus 5 2-10 I I 
6 Early pregnancy 2-5 1-3 | E E 
3 Pregnancy 1-2 1-3 E E 
2 Late pregnancy 0.8-1 1-2 E E 
| 
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obtained with non-pregnant cats (Table II). In fact, towards late pregnancy nor- 
adrenaline was as active as adrenaline both in vivo and in vitro (West, 1947). So far 
it has not been possible to identify the sympathin in the uterine or ovarian veins 
after stimulation. 


DISCUSSION 


During the last few years evidence has been accumulating to indicate that nor- 
adrenaline is liberated as a sympathetic transmitter. The work reported here has 
added further support to this conclusion. Blaschko (1942) suggested that the 
immediate precursor of adrenaline in the body may be the primary amine which 
would be converted to adrenaline by N-methylation, and hence it may be expected 
that a mixture of the amines might be liberated when the sympathetic nerves are 
stimulated. The exact proportion of each may be affected by the length of time the 
nerve has been sectioned before being stimulated (West, 1949). 


After the first few experiments with single cats, we tried a cross-circulation tech- 
nique. Cross-circulation was established in pairs of cats through glass cannulae 
which connected the cardiac end of the femoral artery of each animal with the cardiac 
end of the femoral vein of the other. The splanchnic, hepatic, or splenic nerves were 
stimulated in one cat and the effects of sympathin on the nictitating membrane and 
non-pregnant uterus of the recipient cat recorded. The results, however, were rather 
mixed, probably because of alterations in blood pressure, although the general indica- 
tions were that mixtures of adrenaline and noradrenaline were liberated. 


The advantages of injecting the blood immediately after withdrawal from a 
stimulated cat into the arteries supplying the nictitating membrane and uterus of 
a second cat are: (1) the maximum concentration of sympathin in the blood reaches 
the recording tissues, loss on the way being eliminated ; (2) the actions recorded can 
be equated by intra-arterial injections of mixtures of the amines, given at the same 
speed in the same volume and washed in with the same volume of saline ; and 
(3) both animals are under chloralose anaesthesia. However, even then results may 
be misleading owing to localized fluctuations of blood pressure or of tempera- 
ture. Some experiments were complicated by the release of interfering substances 
(Gaddum, Peart, and Vogt, 1949), and these may have been the cause of the inability 
.O measure uterine sympathin by this technique. The results of splenic and hepatic 
ympathins have now been confirmed by direct measurement on the plasma and are 
ported in the next paper (Mann and West, 1950). 


SUMMARY 


1. After stimulating certain sympathetic nerves in the cat, the blood has been 
vithdrawn and injected into the arteries supplying the nictitating membrane and 
10n-pregnant uterus of another cat in order to study the nature of four sources 
‘f sympathin. 

2. When the splanchnic nerve is continuously stimulated, relatively more nor- 
adrenaline than adrenaline is liberated from the adrenal gland. 

3. When the hepatic nerve is stimulated immediately after sectioning, the blood 


in the hepatic vein contains noradrenaline and traces of adrenaline. Later stimula- 
tion appears to result in the liberation of noradrenaline only. 
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4. When the splenic nerve is stimulated, the blood in the splenic vein contains 
noradrenaline with traces of adrenaline. 


5. It has not been possible to identify the sympathin in the blood of the ovarian 
vein when the hypogastric nerve is stimulated. 
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Because of the desire to identify the substances liberated by adrenergic nerves, 
much work has been devoted to the search for really sensitive and specific methods 
of detecting and estimating adrenaline and allied substances in blood. Some of the 
difficulties of these estimations in heparinized blood from cats and man were dis- 
cussed by Gaddum, Peart, and Vogt (1949), who selected five sensitive tests for 
detailed study. By making parallel quantitative assays, closely allied sympatho- 
mimetic amines can be distinguished from one another. Using these criteria, Peart 
(1949) found that all the evidence supported the view that the active material released 
by the adrenergic nerves in the cat’s spleen was noradrenaline, although smaller 
amounts of adrenaline were sometimes also liberated. Great similarity in the effects 
of hepatic nerve stimulation and intraportal injections of noradrenaline have been 
recorded (for references see West, 1950), and now we have estimated the concentra- 
tions of the two amines in the plasma after stimulation of the splenic and hepatic 
nerves, utilizing the formula developed by Biilbring (1949). 


METHODS 


Collection of hepatic blood.—Cats anaesthetized with chloralose were used. The 
hepatic nerve was dissected free from the artery and divided centrally. The incision 
down the midline just below the diaphragm was extended laterally just below the 
course of the lowest rib and parallel to it on the right side of the cat. When the 
nuscles were retracted and the liver pushed gently aside, easy access to the right 
\epatic vein was gained. A loop of thread was fixed in position round the inferior 
ena cava between the liver and the adrenal glands, and another similarly above 
he diaphragm, artificial respiration being applied. When these threads were extended, 
. little pocket of blood formed at the opening of the hepatic veins into the vena 
ava. Blood samples of about 5 ml. were withdrawn every thirty seconds from the 
\epatic vein by means of a 5 ml. syringe fitted with a No. 15 needle (D’Silva, 1936). 
Vhen the needle was withdrawn from the vein, there was no haemorrhage, and 
ubsequent samples were obtained by inserting the needle into the vein through the 
‘riginal wound. Heparin was injected intravenously and the blood samples were 
transferred from the syringe to graduated centrifuge tubes standing in ice. The 
nlasma was separated immediately by centrifugation. In about half the experiments, 
the adrenals were excluded from the circulation by ligatures. Stimulation of the 
nerve was through platinum electrodes with an ordinary coil (Faradic stimulation 
at 7.5 cm. on 4 V.), and usually lasted for one minute. During this time, the two 
threads round the inferior vena cava were extended and two blood samples were 
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obtained. A third sample was usually secured after stimulation had ceased, and the 
plasma from the three samples was bulked. The control plasma was obtained usually 
by bulking samples secured before, and 10 minutes after, stimulation, the two threads 
being extended as described above. 

Collection of the splenic blood.—Cats anaesthetized with chloralose were used. 
The splenic nerve was dissected free from the artery and divided centrally. In most 
cases, vascular connexion of the spleen with the stomach and greater omentum was 
divided between ligatures. Splenic venous blood was led from a cannula in the splenic 
vein through a rubber tube and small reservoir to the femoral vein. When blood 
samples were required, the reservoir was replaced by a graduated centrifuge tube 
standing in ice. Heparin was used as the anticoagulant, and plasma samples were 
obtained by rapid centrifugation. In about half the experiments, the adrenals were 
excluded from the circulation by ligatures. Stimulation of the nerve was through 
platinum electrodes with an ordinary coil (Faradic stimulation at 7.5 cm. on 4 V.) 
and usually lasted for one minute. During this time and for the next two minutes, 
the volume of blood collected was usually 3-6 ml. The control plasma was obtained 
by bulking samples secured before, and 10 minutes after, stimulation. 

Assay methods.—Samples of the plasma were used in three pharmacological tests: 
(1) An isolated uterus from a non-pregnant rat in dioestrus, sensitive to 10°'® adrenaline 
or 5 x 10° noradrenaline in a bath of Tyrode solution at 37° C. (2) An isolated 
rectum of a week-old chick in a similar bath, sensitive to 5 x 10°'® adrenaline or 
10° noradrenaline. (3) The chronically denervated nictitating membrane of a cat 
under chloralose, recorded isotonically, and contracted by 10° adrenaline or nor- 
adrenaline if given into the sidearm of a special T-shaped cannula in the carotid 
artery (Gaddum, Peart, and Vogt, 1949). Solutions of /-adrenaline and /-noradrenaline 
were prepared in 0.01 N-HCI. 

When mixtures of adrenaline and noradrenaline were added to control samples 
of plasma, accurate estimates were obtained by these tests when the activities were 
calculated by the formula employed by Biilbring (1949). As little as 4 per cent of 
one of the amines could be accurately measured in a mixture of the two. 
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Fic. 1.—Parallel assays (Exp. 5). Splenic plasma before (C) and after (S) stimulation of nerves. 
A, adrenaline; N, noradrenaline. Doses in »g. and ml. Records: top left, nictitating mem- 
brane of cat; top right, chick rectum ; bottom, rat non-pregnant uterus in dioestrus. Nor- 
adrenaline equivalent is 0.2 pg. noradrenaline per ml. plasma. Time in 30 sec. 
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TABLE I 


CONCENTRATION OF HEPATIC SYMPATHIN IN THE POST-STIMULUS SAMPLE OF PLASMA IN TERMS 
OF ADRENALINE AND MOrADRENALINE (G./ML.) 

















Sympathin estimated as einen = Chick rectum es 
drenaline(A) .. 0.75 | 0.025 0.01 
oradrenaline (N) i 0.75 0.50 0.50 

katio A/N .. Ee a 1.0 | 0.05 | 0.02 





Calculated value (Biilbring, 1949) gives mean of 0.66 yg. /-noradrenaline per ml. Adrenaline value 
is zero. Value on rat uterus in oestrus (uncalculated) = 0.50 yg. /-no adrenaline per ml. 


RESULTS 


Parallel quantitative assays by different methods were carried out on the plasma 
obtained in each experiment (Fig. 1). The estimates were taken in pairs and values 
for adrenaline and noradrenaline calculated by Biilbring’s formula. An example of 
hepatic sympathin is shown in Table I, where the calculated value for adrenaline is 
zero—i.e., all the sympathin was present as noradrenaline. This was confirmed by 
assaying the sample on the isolated uterus of the non-pregnant rat in full oestrus 
(i.e., when cornified cells are in 
the vagina smear). Both nor- la” 
idrenaline and adrenaline stimu- 
late this tissue (Mann, 1949), and | 
he estimate in terms of nor- | 

drenaline agreed well with the i if 
ilculated value. This stimula- m LiL NL '} Ce 
on was abolished by diben- cl Tw. Tw Ts Ta Ta 
nine. Further evidence that OS O15 OS. OS FS 5-0 
ie main active material is nor- 
'renaline is provided by the 
-t that both the “post-stimulus” 
nples and noradrenaline stimu- 
ed the non-pregnant isolated 
| uterus in early oestrus (when 
cleated epithelial and cornified 
‘ls are in the vaginal smear), 
iereas adrenaline relaxed this 
sue at this stage of the oestrous 

cle (Mann, 1949) ; see Fig. 2. 

In a series of 13 experiments 

able II), estimates of the hepatic 

npathin gave a mean value of 





Fic. 2.—Confirmatory evidence (Exp. 5). Splenic 


4S MB. l-noradrenaline per ml. plasma before (C) and after (S) stimulation of 
asma. This value agrees with nerves. A, adrenaline; N, noradrenaline. Doses in 
1at found by West (1950) on yg.and ml. Records: top, non-pregnant rat uterus 
in oestrus (only cornified cells in vaginal smear); 
hole blood samples (0.4 pg. bottom, same in early oestrus (epithelial nucleated 


noradrenaline per ml.). Gener- and cornified cells in vaginal smear). 
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TABLE Il 
CONCENTRATION OF HEPATIC SYMPATHIN IN POST-STIMULUS SAMPLES OF PLASMA 





pg./ml. plasma pg./ml. plasma 














Exp. | —|| Exp. —___—_— _ " 
| /-noradrenaline /-adrenaline /-noradrenaline /-adrenaline 

1 | 0.11 0 8 0.05 0.002 

2 0.33 0 9 0.17 | 0 

i 1.05 0 | 10* | 1.05 0 

4 0.16 0 yy Il | 0.32 0 

5* | 1.00 | 0 | 12 | 0.25 | 0.003 

6° 1.05 | 0 13 0.66 | 0 

7 0.08 0 | | 








* Adrenal vessels open in these exps.; tied in all other exps. 


lar 


ally higher values were obtained when the adrenal vessels were open, but 
traces of adrenaline were found by calculation in two samples when these vessels 
were closed. A few of the assays were complicated by the presence of unknown 
interfering substances in the plasma, but these were reduced to a minimum by cooling 
the samples immediately after collection, centrifuging, and testing the plasma on the 
same day as it was collected. There was little doubt from the calculations that the 
main active material was noradrenaline and not adrenaline. 





TABLE III 


CONCENTRATION OF SPLENIC SYMPATHIN IN THE POST-STIMULUS SAMPLE OF PLASMA IN TERMS 
OF ADRENALINE AND /0”“ADRENALINE (1G./ML.) 











Nictitating Rat uterus in 


Sympathin estimated as Chick rectum 





| membrane of cat dioestrus 
ladrenaline(A) .. .. | 0.25 0.01 0.0025 
/-noradrenaline (N) oe | 0.25 0.20 0.125 
Ratio A/N .. co mm 4 1.0 0.05 i 0.02 








Calculated value gives mean of 0.25 ug. /-noradrenaline per ml. Adrenaline value is zero. 
Value on rat uterus in oestrus (uncalculated) = 0.20 yg. /-noradrenaline per ml. 


TABLE IV 
CONCENTRATION OF SPLENIC SYMPATHIN IN POST-STIMULUS SAMPLES OF PLASMA 





pg./ml. plasma \ pvg./ml. plasma 






















Exp. | ——|| Exp. |—— —_— 
| /-noradrenaline |  /-adrenaline | /-noradrenaline |  /-adrenaline 

1 0.10 0.001 | 9* 0.05 0.010 

2 0.10 0 10* 0.05 0.002 

3* 0.05 0 11* 0.05 0.002 

4* 0.20 0 | 12* 0.05 0.002 

5 0.20 0 | 13 0.17 0.001 

6 0.11 0 | 14 0.18 0 

7 0.11 0 | 45 0.25 0 

8* 0.30 0 | 

















* Adrenal vessels open in these exps.; tied in all other exps. 








ed 
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An example of splenic sympathin calculations is shown in Table III, where the 
lrenaline value is again zero. When assayed on the rat uterus in full oestrus, the 
‘timate in terms of noradrenaline agreed well with the calculated value. These 
post-stimulus ” samples of splenic sympathin also stimulated the rat uterus in early 
sstrus. In a series of 15 experiments (Table IV), estimates of the splenic sympathin 
ave a mean value of 0.13 yg. /-noradrenaline per ml. plasma. This value also agrees 

vith that found by West (1950) on whole blood samples (0.25 yg. /-noradrenaline 
per ml.). Traces of adrenaline were found by calculation in six of the plasma 
samples. Ligation of the adrenal vessels did not affect the results. In two further 


experiments, no sympathomimetic activity was detected despite sensitive test objects. 


'sually the sympathin content of plasma collected after a second stimulation of the 
nerves later in the same experiment was lower than that in the first sample. 


DISCUSSION 


Most of the previous work on hepatic and splenic sympathin has clearly indi- 
cated that the active material is not adrenaline and is probably noradrenaline. The 
work reported here, based on direct assay methods, has proved that this is so. In 
both sympathins, only traces of adrenaline have been detected, but this evidence 
supports the views of Bacq and Fischer (1947), who obtained evidence of such a 
mixture in extracts of the splenic nerves of the horse and cow, and of Euler (1948), 
who estimated sympathomimetic activity in extracts of various organs including the 
liver. According to Blaschko (1942) noradrenaline is the probable precursor of 
adrenaline in the body, so it is to be expected that mixtures of the two amines will 
be found in the blood as a result of sympathetic activity under varying conditions. 
it is hoped to identify the sympathin liberated by other adrenergic nerves by means 
of the technique described here. 


SUMMARY 


1. Stimulation of the hepatic and splenic nerves in cats caused the appearance 
| the plasma of an active substance which produced contraction of the nictitating 
embrane of the cat, relaxation of the isolated rectum of the chick and of the isolated 
terus of the non-pregnant rat in dioestrus, contraction of the isolated uterus of the 
-pregnant rat in oestrus and in early oestrus, when nucleated epithelial and 
rnified cells are present in the vaginal smear. 

2. Parallel quantitative assays on the plasma showed that the main active sub- 
ince was noradrenaline ; this was present in the blood of the hepatic veins in a 
-an concentration of 0.48 yg./ml. (13 experiments), and in the blood of the splenic 
in in a mean concentration of 0.13 »g./ml. (15 experiments). 

3. Smaller amounts of adrenaline were sometimes also liberated. 
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In the past few years about one thousand compounds, falling into eleven series, 
were examined by us for tuberculostatic activity. Twenty-four of them were tested 
in vivo in the mouse and guinea-pig, but none affected the course of the disease. 


Compounds of known activity were included in the tests and the effects of 


combinations of these drugs were also investigated. 
The present paper reports the in vivo results on the following members of the 
series examined: 


Group A. p-Alkoxy-N-arylbenzamidines (Partridge, 1950) 
570 p-Hexyloxy-N-phenylbenzamidine 
486 p-Octyloxy-N-phenylbenzamidine 
532 p-Butoxy-N-p’-butoxyphenylbenzamidine 


Group B. Di-(p-N-arylamidinophenoxy)alkanes (Partridge, 1949) 
354 1 : 3-Di-(p-N-phenylamidinophenoxy)propane 
512 1 : 5-Di-(p-N-phenylamidinophenoxy)pentane 
462 | : 3-Di-(p-N-4’-ethoxyphenylamidinophenoxy)propane 
Group C. Aliphatic amidines 
449 2-Nonyldihydroglyoxaline 
594 1-N-phenylamidinononane 
Group D. Phenylacetamidines and analogues 
621 N-phenylphenylacetamidine 
528 N-p-Tolylphenylacetamidine 
Group E. Amidino-cyclohexenes and -cyclohexanes 
529 1-N-p-butoxyphenylamidinocyclohexene 


Group F. Halogenated-w-aryloxyalkylamines and analogues (Drain, Peak, anc 
Whitmont, 1949 ; Peak and Watkins, 1950) 
585 Diethyl-2-(p-chlorophenoxy)ethylamine 
336 Diethyl-2-(2’ : 4’ : 6’-trichlorophenoxy)ethylamine (Burger, Wilson 
Brindley, and Bernheim, 1945) 
264 Diethyl-2-(2’ : 4’ : 6’-tri-iodophenoxy)ethylamine (Saz and Bernheim, 194° 
494 Diethyl-2-(2’ : 3’ : 5’-trichlorophenoxy)ethylamine 
586 2: 4: 6-Trichloro-N-2’diethylaminoethylaniline 
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Group G. iso-Thio-semicarbazones, -ureas, and analogues (Brooks, Charlton, 
Macey, Peak, and Short, 1950) 
387 Acetone 3-ethylisothiosemicarbazone 
393 p-1’-Pyrrolidylbenzaldehyde 3-ethylisothiosemicarbazone 
429 o-Nitrobenzaldehyde thiosemicarbazone (suspensions in water and alcohol) 
539 Benzaldehyde-3-butylisothiosemicarbazone 


Group H. Guanidine derivatives 
391 p-1’-Pyrrolodylbenzaldehyde guanylhydrazone 
384 p-Dimethylaminobenzaldehyde guanylhydrazone 


Group J. Basic sulphides, sulphoxides, sulphones, and related compounds 
597 2-Diethylaminoethy] butyl sulphide 


Group K. Basic phenolic ethers and analogues 
492 3 : 4-Bis(p-2’-diethylaminoethoxyphenyl)hexane 
545 Hexylresorcino] bis-(2’-diethylaminoethyl) ether (Chapman, Hager, and 
Shay, 1947) . 
706 1 : 4-Bis (2’-diethylaminoethoxy)benzene 
709 1-(2’-Diethylaminoethoxy)-4-hexylbenzene 
630 p-(1’-Hydroxy-1’-ethylbutyl)pheny] 2-diethylaminoethyl ether 
Group L. 2-Sulphanilamido-5-alkylthia- and -oxa-diazoles (Brooks, Charlton, 
Macey, Peak, and Short, 1950) 
344 2-Sulphanilamido-5-penty]-1 : 3 : 4-thiadiazole 
T.R.C. 245 2-Sulphanilamido-5-methyl-1 : 3 : 4-oxadiazole 
T.R.C. 43 2-Sulphanilamido-5-methyl-1 : 3 : 4-thiadiazole 


Group M. Active drug controls 
Streptomycin (Feldman and Hinshaw, 1944) 
Licheniformin (Callow, Glover, D’Arcy Hart, and Hills, 1947) 
Para-aminosalicylic acid (Lehman, 1946). Referred to as PAS 
Sulphetrone (Brownlee and Kennedy, 1948a) 
2 :6-Diaminobenzthiazole (Freedlander and French, 1947) 


Group M was included in order to provide known tuberculostatic drug controls, 
nce one purpose of this work was to find a satisfactory “ screening ” test in experi- 
ental tuberculosis. Licheniformin was tested in guinea-pigs at the request of 
'r. P. D’Arcy Hart, as it had been found to be active in mice (Callow et al., 1947). 


EXPERIMENTAL METHODS 


Strains—Two virulent human strains, H.418 and H.37Rv, were employed: these 
cre maintained by surface and submerged culture. There was a loss of virulence 
ter repeated subculture in Dubos medium (Dubos and Davis, 1946), so that for 
1 vivo tests strain H.418 was maintained on Lowenstein slopes and strain H.37Rv 
1 Proskeuer and Beck’s medium as used by Feldman and Hinshaw (1945); inocula 
ere prepared by growing in Dubos medium or by grinding. 


Drugs.—Most drugs were tested in the form of salts, usually the lactate or hydro- 
hloride. Solutions were sterilized by heat unless unstable, when they were filtered. 


_ In vitro tests (Table 1).—Tests were carried out by surface and submerged culture. 
[he Douglas modification of Long’s medium was used for the former, both with 
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TABLE I 
CHEMOTHERAPY OF TUBERCULOSIS 
T.B. index = Group average + control average. Jn vitro activity = reciprocal of inhibiting 
dilution x 1,000. Figures in parentheses indicate partial inhibition. Brownlee test on 
guinea-pig blood tuberculostatic action of the blood after intraperitoneal injection of 
compound. S.C. = subcutaneous. 






















































































In vitro activity | In vivo activity 
| MICE GUINEA-PIGS 
Serial Long’s | | Brownlee —_____——| —__—— 
number | Long’s | medium | Dubos | teston | Daily | Daily | Remarks on 
of |medium| + 10% | medium | guinea-pig, oral | T.B. | oral | T.B. | guinea-pig test 
drug | | serum | blood | dose | index | dose | index 
| mg./g. | mg./g. 
A. p.-Alkoxy-N-arylbenzamidines | 
570 | 5,000 | 500-1,000! 10 - 0.1 0.7 0.04 0.94! Toxic 
(5,000) 
486 1,000 100 10 — | 0.2 1.4 0.2 1.1 
532 1,000 100 5 -—- | 0.1 0.6 0.15; 1.0 
B. Di-(p-N-arylamidinophenoxy)alkanes 
354 100 | 50-100 -— — — — 0.07; — | Toxic. Disease 
| | progressed in 2 
survivors 
512 | 500 500 | 50-100 - 0.1 | 1.1 | O15} 0.81 | 
462 | 500 100 50-100 | 0.1 1.2 — — 
C. Aliphatic amidines | 
449 | 100-500 | 100 (500) 10 — 0.2 1.1 | 0.12) 1.0 
594 | 500 10 5-10 -- 0.2 07); — — 
D. Phenylacetamidines and analogues | 
621 | | — | 5 — 0.1 | 0.64; — — 
528 100 | 10 | — —_|-— | 0.2 0.91 | Toxic 
E. Amidino-cyclohexenes and -cyclohexanes 
529 500 ; 100 | | — | O.1 | 0.68) 0.12; — | Toxic. Disease 
| | (10,000) | ioe progressed in 2 
| | survivors 
| | | » 
F. Halogenated w-aryloxyalkylamines and analogues | 
585 | 10-50 = fs | -= 0.2 112); — — 
336 ~=6| =«100 10 | 1-5 | O.5Sg. — — — — 
| inactive 
264 100 10 10 0.7 g. 0.1 0.80; 0.1 1.0 
inactive 
494 100 50-100 | 10-50 | 0.1 1.0 | O.1 0.91 
586 100-500 50 5 | — — — 0.15; 1.0 
G. iso-Thio-semicarbazones, -ureas, and analogues 
387 10 10 10 0.5 g. — — — — 
inactive 
393 (50) — 10 0.5 g. — — — -= 
inactive 
429 10 — 10 0.5 g — “= — — 
inactive 
539 {100 (500) 50 10 — 0.1 0.68 | 0.3 0.89 
H. Guanidine derivatives 
391 (50) 10 5-10 0.5 g. — — — — 
inactive 
384 10 10 5-10 — 0.07 0.9 0.07 | 0.96 
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TABLE I—continued 
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In vitro activity | In vivo activity 
| MICE —_| GUINEA-PIGS | 
Serial | Long’s Brownlee | — |— —| 
number | Long’s | medium _ Dubos teston | Daily | Daily Remarks on 
of medium; + 10% | medium guinea-pig | oral | T.B. | oral | T.B. guinea-pig test 
drug serum | |” blood | dose | index | dose | index 
| | | mg./g. | mg./g.. 
J. Basic sutphides, sulphoxides, sulphones, and related compounds | 
597 500-1000! 100-500 | 50 | _ | O1 | 0.8 0.3 0.90 | 
K. Basic phenolic ethers and analogues | | 
492 | 1,000 | 100(500); 10-50 | — 0.1 0.7) 0.1 — | Toxic. Disease 
(10,000) | | | progressed in 2 
| | survivors 
545 50-100 | 50-100 | 50 — —_}j— 0.2 | 0.87 Toxic 
706 100-500, 100 | I — — | 0.15 | 0.84 | 
709 | 100 | 100 | 10 | — | —} — | 03 | 0.87 
630 | SO | 50 | 10 | — | — = 0.1 0.88 
L. 2-Sulphanilamido-5-alkylthia- and -oxa-diazoles | 
r.R.C. 0 | — — , 10g. | — — |—-]— | 
43 active | 
T.R.C. 10-SO0 | 10 — 10g, | — | — | 0.5 | 0.9 | 
245 active | — — eS | ia | 
S.C. | 
344 so | ll — — | OSs | —| —}|] —] — 
inactive | 
Vl. Active drug controls | 
2:6di- |10(500)| 5-10 | 5 — — =» + Ga? Ge 
amino 
benzthiazole | | 
PAS ot a — | @Se 
| | | 9 | See Table IV 
Suiphe- | 9 | | | Active (Brownlee, 1948) | | 
trone | | ge See. ctive (Brownlee, ) | | | 





nd without the addition of 10 per cent ox serum, and tests were read four weeks 
fter the inoculation of a small piece of floating pellicle. For submerged culture, 
Jubos’s medium (Dubos and Davis, 1946) as modified by Forrest, D’Arcy Hart, and 
Valker (1947) was used. The inoculum was 0.03 ml. of a 7-10 day culture per 9 ml. 
st medium and tests were read after two weeks. All inhibition tests were carried 
ut in duplicate in serial tenfold dilution of the drugs. Inhibition titres as great 
> | in 10° were obtained in Long’s medium; titres were considerably lower in the 
Jubos medium. 


Toxicity—Dr. M. R. Gurd (Pharmacology Division) estimated the “acute” LDS0 
alues in mice, for oral and subcutaneous administration of all the drugs, to lie between 
1 and 1.0 mg./g., except T.R.C. 245, which had a value of 10 mg./g. for the oral 
route. In addition, he carried out chronic toxicity tests; mice were given 1/4 and 
!/10th the LD50 subcutaneously for 14 days. If the drugs caused tissue damage 
they were not given subcutaneously to guinea-pigs. However, all drugs actually tested 
subcutaneously in guinea-pigs, except T.R.C. 245, were found to be so irritant that 
the in vivo tests had to be terminated and are not reported. 
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Brownlee test (Table 1)—Brownlee, Green, and Woodbine (1948) suggested a method 
whereby the blood of a guinea-pig was tested for tuberculostatic action 2 hours after 
the intraperitoneal injection of 2 g. drug (unless the animal died before this time). 
In our tests 0.5-1.0 g. amounts of drug were used; the blood was mixed with an 
equal volume of Long’s agar and inoculated with strain H.418. 





RESULTS 
In vivo tests (Table 1) 

Mouse.—The albino strain of mice available to us in adequate numbers was 
relatively resistant to tuberculosis. Both intravenous and intraperitoneal inocula- 
tion of undiluted Dubos medium cultures of strains H.418 and H.37Rv were tested. 
H.418 was less infective to mice than H.37Rv, which was used throughout the 





tests. Groups of twenty animals were treated from the date of infection, the drug | 
being mixed with the food. Streptomycin, 1,000 or 2,000 units daily, was given 
subcutaneously in two divided doses. Mice were killed after four to six weeks and 


all lungs examined for tuberculosis, the extent of the disease being recorded on an 
arbitrary scale of 0-6. As there were so few deaths in our experiments, drug action 
was assessed solely on lung lesions, which varied widely in their severity—i.e., from 
0-6 in every group. Intravenous inoculation gave no better results than the intra- 
peritoneal method, as shown in Table II. The addition of 50 per cent egg yolk 
to the intraperitoneal inoculum,as recommended by Pierce, Dubos, and Middlebrooke 
(1947), had no enhancing effect on virulence. 





TABLE II 
TUBERCULOSIS IN MICE 
Strain H.37Rv in undiluted Dubos culture 
























= Lung assessments. (Max. = 6; Average lung 
Route Mice bold figures indicate death) assessment 
Intraperitoneal 0.5 ml. a, White (65.43.22. 0:6 2 
B. §, 3 


Intravenous 0.1 ml. 





Guinea-pig.—An injection of 0.0001—0.005 mg. of a three-week culture of strain 
H.418 was used in most experiments ; this was later changed to 0.5 ml. of a 1 in 100 
dilution of a 14 day Dubos culture. The laboratory bred animals in groups of 
at least six and weighing about 500 g. were infected intramuscularly. All received 
an ample diet and were weighed at weekly intervals. Treatment commenced three 
to four weeks after infection, when the animals were tuberculin positive, and 
continued for ten weeks. The drugs were administered with the food, the drug 
solutions being mixed with the dry diet. Streptomycin, which was used as an 
active drug control, licheniformin, and some other drugs were tested subcutaneously. 
Drugs were assessed by their action in prolonging life and limiting the spread of 
the disease. For macroscopic estimation of tuberculosis the scoring method of 
Sher and Kloeck (1946) was followed, each organ being given a maximum value 
as follows: lymph nodes 8, spleen 24, liver 28, lungs 40.. The assessments for all 
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the controls in these experiments are given in Table III. This test was found to 
zive reproducible results providing that groups of at least six animals were employed. 
Smaller numbers give unreliable results. Occasionally, in order to confirm that the 
xreatest tolerated dose was being given, groups of only three animals had higher 
jJoses than the main test group. 
TABLE Ul 
TUBERCULOSIS IN THE GUINEA-PIG 
0.0001-0.005 mg. strain H.418 intramuscularly 








Number of Individual T.B. assessments of controls in 11 | Streptomycin 
animals __ tests. (Max. 100; bold figs. indicate death) | Average ae the 
6 | 44, 74, 91, 68, 63, 78 69.6 0.29 
6 | 54, 33, 31, 39, 23, 49 38.2 0.13 
12* 22, 42, 27, 66, 49, 45, 61, 37, 47, 39, 58 45.0 0.16 
6 | 56, 66, 72, 66.5, 53, 71.5 64.2 0.11 
12 | 95, 83, 92, 65.5, 74, 55, 48, 55, 61.5, 41, 59.5, 55 | 65.4 0.25 
9 12, 22, 55, 33, 39, 37, 45, 16, 38 33 0.06 
6* 56, 46, 58, 58, 36 50.8 Not tested 

6* 58, 59.5, 48, 61.5, 65 | 58.4 0.16 
12° 22, 42, 27, 66, 49, 45, 61, 39, 37, 58, 47 45 Not tested 
12* 34, 14, 63, 66, 56, 36, 66, 70, 31, 83, 33 50.2 oat 
y 95, 83, 88, 44.5, 47, 50, 41, 51, 46 | 60.6 0.16 








* One animal died a few days after injection, not from T.B. 
tAverage lung assessment of streptomycin treated animals 


Average lung assessment of control animals 


In both the mouse and the guinea-pig tests, group means of the estimates of 
“the T.B. assessments ” were calculated and compared statistically with the “ con- 
trol * group mean. Estimates were considered to differ significantly at a value of “ P ” 
corresponding to a probability of 0.05. None of the 25 new drugs showed any 
ictivity. In Table I results are expressed as a T.B. index 

;, Mean T.B. assessment of the group \ 
( "+ Mean T.B. assessment of the controls _/ 
‘he wide scatter of the results in the mouse test was reflected in the 
ww T.B. index, which was necessary before a result could be accepted 
s differing significantly from the controls. Table III shows that the varia- 
on was much less in the guinea-pig and that streptomycin had a fairly 
stant index even though the extent of the disease varied widely in the different 
xperiments. For these reasons guinea-pigs were employed in all the experiments 
n the effects of combinations of drugs. Results of the latter investigations are 
iven in Table IV. Spleens of the animals given zero assessments were found to 
’e non-infectious when injected into healthy guinea-pigs; also, some animals which 
vere left on test after the cessation of treatment did not develop the disease. 


Developing chick embryo test——Various workers in America have used this 
method (e.g., Emmart, 1945; Dubos and Davis, 1946; Lee and Stavitsky, 1947), 
employing different routes and with varying results, but the test is not yet on a 
firm basis. Our experiments were limited to inquiry for a more uniform infection 
than in the mouse test. Varying dosages of strains H.418 and H.37Rv were inocu- 
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TABLE IV 
EFFECT OF COMBINATIONS OF DRUGS ON EXPERIMENTAL TUBERCULOSIS 
u = units. S.C. = subcutaneous. * = result significant (P = 0.05 or less). Bold figures of 
T.B. assessment denote death of animal. T.B. index = group average ~ control average 
| MICE GUINEA-PIGS | 
| —— ———EE —— ——EE 
Drug Dose | pf! Dose | T. B. assessments Tae Remarks 
in mg./g. | index in mg./g. (max. = 100) | index 
Strepto- | 1,000 | 0.36* | 10,000 u/pig,| 4, 2, 8,2, 8, 19 | 0.16* | Disease progresses on 
mycin | u/mouse S.C.| | 2a. oo cessation of treat- 
doses ment 
500 u/mouse 0.68 
S.C. 
Sulphe- 40oral | 0.71 1.45 oral 2m, 26, 10; 22, | 0.52* Pe oo 
trone | 49, 16, 14, 20 | 
Licheni- Active (Callow et | 0.01 S.C. 18, 39, 12,0, 10,; 0.43* | Toxic. Kidneys en- 
— al., 1947) | in 2 doses | 16, 21, 18, 39 | larged. Low weight 
gain 
Licheni- | Synergic | (Callow et | As above | 2, 2, 2, 2, 0, 2, | 0.07* | 1 out of 3 pigs did not 
formin | effect | al., P87) | 13, 2 4 | develop disease when 
+sul- | | treatment stopped. 
deed | 2 out of 3 pigs did 
Strepto- | — — As above | 0, 0, 0, 2, 0, 4 0.07* not develop disease 
mycin +| | i 6.2 | when treatment 
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| | 37, 58, 47 
PAS ..| 5.0oral 0.21* |1.Sincreased| 48, 75, 15.5,2,| 0.53* | 
| | to2.3 oral | 35, 18 
0.7 S.C. 38, 10, 16, 8, 0.28* | 5°, Na_ salt caused 
| 11.5, 19.5 | tissue damage 
Strepto- | — -— 10,000 u pig | 8, 8, - 5, 13,14, | 0.16* 
mycin | as above | 
PAS + | Youmans et al. | PAS orally | . s 522 0.07* | 
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| above 
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examination of smears. 


lated on to the chorioallantoic membrane and into the yolk sac. 
tion was assessed by the macroscopic appearance of lesions, 
In contrast to the reliability of the technique in virus 
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together with an 


work, uniform infection was never obtained either with inocula of ground suspen- 
sions or Dubos medium cultures made directly on to the chorioallantoic membran« 
of 9-10 day embryos, or into the yolk sac at 7 and 10 days. 
units/egg by the allantoic sac) had no consistent effect on the large inoculum o! 
tubercle bacilli found necessary to secure reliable infection and would probabl) 
have been missed, if sought for, by this method. Work on this test was therefor 
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DISCUSSION 


The testing of potential chemotherapeutic agents for the treatment of tuber- 
culosis admits of so many variables that an extensive literature has developed. 
While there is a general agreement on the reliability of the guinea-pig test, as used 
by Feldman and Hinshaw (1945) and Brownlee and Kennedy (1948a and b), the 
large amount of drug necessary for the test and the time taken are marked dis- 
advantages. Apart from the egg test, which has not found favour with most 
workers, and the infection of the cornea of rabbits (Gardiner, Rees, and Robson, 
1949), some form of mouse test has been advocated by various workers. Callow 
et al. (1947) infected mice by an aerosol but considered “it a matter of speculation 
which animal may yield results more indicative of therapeutic value in man” ; 
this statement is still true. Youmans and McCarter (1945) used the intravenous 
route and paid marked attention to the pathology of the disease, but Martin (1946) 
assessed drug action solely on the basis of survival times. The method of treatment 
of the experimental animal also varies considerably so that it is difficult to compare 
the results of different workers. When reporting their results, workers on guinea- 
pigs usually give details, pictorially or numerically, of the extent of the disease 
in every animal. For example, in our own experiments, the variation shown in 
Table III was typical and the disease was progressive in every case. With mice, 
however, the lung lesions varied from 0-6 in each test (cf. Table II). Martin (1946) 
did not report the lung assessments, but Youmans and McCarter (1945) found that 
the percentage of lung disease in their control animals varied from 10-60 per cent 
and, in one test, from 0—75 per cent. Pierce et al. (1947) found that mouse strains 
varied in their resistance to infection and it may well be that there is less variation 
when the mice of a susceptible strain die in 4-6 weeks. However, in our experiments, 
we invariably found that a test on six guinea-pigs was more convincing than one 
on twenty mice. Whichever animal eventually finds favour, there is no doubt that 
some active drugs may be missed, as already definite specific differences in response 
by the mouse and guinea-pig have arisen. We confirmed the activity of sulphetrone 
in guinea-pigs (Brownlee and Kennedy, 1948a) and its inactivity in mice (Callow 
et al., 1947). Our tests also confirmed the activity in both animals of PAS 
Feldman, Karlson, and Hinshaw, 1947 ; Youmans, Raleigh, and Youmans, 1947). 
Given subcutaneously as a 5 per cent (w/v) solution this drug caused tissue damage, 
ut it was more effective by this route than when given orally. Feldman, Karlson, 
Carr, and Hinshaw (1949) recently reported similar findings. Streptomycin was not 
Oo Strikingly active in the mouse as in the guinea-pig (in one test it would have been 
liscarded), and the claim by Freedlander and French (1947) that 2 : 6-diamino- 
venzthiazole was active in guinea-pigs was not confirmed under our conditions. 
Where supplies were sufficient, compounds of Groups A to K were tested in mice 
ind guinea-pigs, but all were inactive in both tests, so that further light was not 
thrown on this problem. 

The complete inactivity of the twenty-four new drugs tested by us, in spite of 
their high in vitro activity even in the presence of serum, was discouraging, since 
ihe maximum amount of each compound was always given. The inactivity of 
R.D. 539, benzaldehyde-3-butylisothiosemicarbazone, is interesting in the light of 
the recent confirmation of the findings of Domagk (1948) by Hoggarth, Martin, 
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Storey, and Young (1949), who found that the thiosemicarbazones of substituted 
benzaldehydes showed marked activity in mice ; their most active compound did not 
completely inhibit growth in vitro in 1 in 10° although partial inhibition occurred 
at 1 in 10° to 1 in 10°, but it attained a high blood concentration (Spinks, 1949). 
T.R.C. 245, with an activity in the presence of serum of | in 10*, was relatively 
non-toxic and significant blood levels, as estimated by the Marshall test, were main- 
tained throughout the twenty-four hours. The Brownlee test indicated that the 
blood was tuberculostatic after two hours and Dr. G. Brownlee confirmed this. 
It was only after the complete failure of large scale tests (only one small test is 
reported in Table I) that further investigations, using U.V. absorption, revealed that 
the drug was present for only two hours after injection and had disappeared after 
four hours although some product in the blood still gave a positive Marshall 
reaction. When later repeated, the Brownlee test gave a negative value at four 
hours. This test, however, picked out streptomycin, sulphetrone, and PAS, and 
further work on other active compounds should confirm its usefulness. 

Only preliminary, and in view of recent publications confirmatory, work on 
drug combinations is reported here. The experiments in which streptomycin and 
sulphetrone were combined, and licheniformin and sulphetrone were combined, were 
carried out at the request of Dr. P. D’Arcy Hart, who had noticed the synergistic effect 
of sulphetrone and licheniformin in mice. This effect, and that between sulphetrone 
and streptomycin, as reported by Brownlee and Kennedy (1948b), were marked. 
As seen in Table IV several animals showed no evidence of the disease and the 
spleens of the animals with zero assessments were not infective to normal guinea- 
pigs. Two out of three animals given streptomycin plus sulphetrone, and | of 3 
given licheniformin plus sulphetrone, did not develop the disease when treatment 
was stopped after ten weeks. Of many hundreds of infected animals, these were 
the only ones which were apparently cured of the disease. A combination of PAS 
(oral) and streptomycin also gave better results than either drug alone, although no 
animal showed zero assessments ; this confirms the findings reported for mice by 
Youmans ef al. (1947) and, for guinea-pigs, by Block, Vennesland, Ebert, and 
Gomori (1949) and Karlson and Feldman (1949). The effect of both drugs when 
given subcutaneously would be interesting. 


SUMMARY 


1. About one thousand compounds of eleven different series were tested in vitro 
against M. tuberculosis (human). 

2. Twenty-four compounds, with high in vitro activity, were tested in mice or 
guinea-pigs, or both. None was active. 

3. The small-scale guinea-pig test was found to give more reliable and more 
convincing results than the mouse test. 

4. The following combinations of drugs were more effective than either drug 
alone ; licheniformin and sulphetrone, streptomycin and sulphetrone, PAS and 
streptomycin. 

5. PAS was more active subcutaneously than orally in guinea-pigs. 
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In preceding papers we have described the preliminary examination of a number 
of types of synthetic substances for activity against a tuberculous infection in mice. 
In these experiments the animals were infected with a relatively large dose of 
Mycobacterium tuberculosis given intravenously, and the compounds were adminis- 
tered at doses ranging downwards from the maximum tolerated dose, beginning 
just before infection. Among the compounds found to show activity under these 
conditions were the following: 4: 4’-diaminodiphenyl sulphone (Hoggarth and 
Martin, 1948), 2-p-chloroanilino-4-6-diethylamino-a-methylbutylamino-6-methylpyri- 
midine dihydrochloride (Hoggarth, Martin, Paige, Scott, and Young, 1948), and a 
number of thiosemicarbazones derived from p-substituted benzaldehydes (Hoggarth, 
Martin, Storey, and Young, 1949). We have now examined these compounds 
further under other test conditions and compared their effects with those of 
p-aminosalicylic acid and streptomycin. Under the conditions of the preliminary 
tests, the lesions produced in the lungs of the mice are predominantly necrotic : 
by reducing the infecting inoculum from 0.75 mg. of moist organisms to 0.02 mg. 
or less, the disease is still progressive and unremitting, but in the majority of the 
animals the lesions are essentially proliferative, with a much smaller degree o! 
necrosis (Stewart, 1950). Using animals infected with these smaller inocula, w: 
have compared the effects produced by the above compounds, when given fron 
the time of infection or in two cases after a delay of 21 days, by which time th 
disease had become far advanced. 


















EXPERIMENTAL METHODS 


Methods of balancing the groups of mice and infecting them so as to ensure th 
highest degree of uniformity between the groups will be described in detail by Stewa' 
(1950). The numbers of animals in each group, which varied in the different experiment 
are shown in parentheses against the graphs (below) to which they relate. With tl 
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e .ception of streptomycin (which was given subcutaneously morning and evening daily 
e.cept on Saturdays and Sundays) and of No. 5961 (see below), the drugs were given 
e ery day mixed with the food, under conditions which permitted a check to be 
n.ade on the amount of food consumed. The concentration of the various drugs 
in the food was adjusted to provide the desired daily dose on the assumption that 
tie amount of food eaten per mouse per day was 4 g. per 20 g. of body weight. 
All the animals received powdered food of the same composition as that described 
by Thomson (1936), and the drugs were passed through a 60-mesh sieve before being 
mixed with the food. Water was freely available to the mice at all times. One of 
the drugs (No. 5961) made the food so unpalatable that the mice refused to eat it, 
and this drug was given by syringe and catheter as an aqueous suspension morning 
and evening for five days a week. 

No attempt was made in these experiments to carry out a full histological study 
of the animals as they died, but naked-eye examination of the lungs showed the 
presence of obvious tuberculous lesions in all except a few mice. Those mice which 
died without evidence of severe involvement of the lungs were not included in the 
data from which the graphs were constructed. Such non-specific deaths occurred 
during the first few weeks of the experiment and did not usually exceed 5 per cent 
of the total. 


RESULTS 


4: 4’-Diaminodiphenyl sulphone (No. 371) was included in five experiments 
(Figs. 1 to 5). In each experiment this substance produced a very marked effect, 
much greater than had been expected from the results previously obtained under 
the conditions of the preliminary test. In unpublished experiments we have con- 
firmed the observations of other workers (e.g., Raleigh and Youmans, 1948) that 
both p-aminosalicylic acid (No. 8005) and streptomycin prolong the life of mice 
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‘1G. 1.—Comparison of therapeutic effect of 4: 4’-diaminodiphenyl sulphone (No. 371) with a 
pyrimidine compound, 2-p-chloroanilino-4-5-diethylamino-«-methylbutylamino-6-methylpyrimi- 
dine hydrochloride (No. 3300). 
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receiving a large inoculum of tubercle bacilli. The effect of p-aminosalicylic acid 
(at the relatively high dose of 40 mg. per 20 g. per day) on mice infected with 
0.02 mg. of bacilli (Fig. 4) we found to be somewhat inferior to that of 4 : 4’-diamino- 
diphenyl sulphone. When the dose of p-aminosalicylic acid was reduced to 8 mg 
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Fic. 2.—Comparison of therapeutic effect of the thiosemicarbazone of p-dimethylaminobenzaldehyde 
(No. 5672) with streptomycin and 4: 4’-diaminodiphenyl sulphone (No. 371). 
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Fic. 3.—Comparison of therapeutic effects of three thiosemicarbazones: p-dimethylaminobenzald: 
hyde 4-isobutylthiosemicarbazone (No. 5878), p-N-pyrrolidinobenzaldehyde thiosemicarbazon 
(No. 5691), and p-methoxybenzaldehyde thiosemicarbazone (No. 6057) with 4: 4’-diaminod 

phenyl sulphone (No. 371). 
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4.— Comparison of therapeutic effects of p-hydroxybenzaldehyde thiosemicarbazone (No. 6082) 
and p-aminosalicylic acid (No. 8005) with 4: 4’-diaminodiphenyl sulphone (No. 371). 
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G. 5.—Comparison of therapeutic effects of two thiosemicarbazones: p-hydroxybenzaldehyde 


cr 


thiosemicarbazone (No. 6082) and p-ethylsulphonylbenzaldehyde thiosemicarbazone (No. 8388) 
with 4: 4’-diaminodiphenyl sulphone (No. 371). 


20 g. per day, no effect was detected. A very marked effect was produced by 


treptomycin (1,000 units per mouse twice daily) in another experiment of this type 
Fig. 2). 
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Fic. 6.—Comparison of therapeutic effect of p-ethylsulphonylbenzaldehyde thiosemicarbazone 
(No. 8388) with streptomycin. 
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Fic. 7.—Comparison of the therapeutic effects of two thiosemicarbazones: p-ethylsulphonylbenzalde- 
hyde thiosemicarbazone (No. 8388) and p-acetylaminobenzaldehyde thiosemicarbazone (No 
9311) with streptomycin. (No animals treated with streptomycin died before 100 days.) 
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Of the synthetic compounds which we have examined, the following had no 
fect upon animals dying from the proliferative lesions produced by the lighter 
ifection: 2-p-chloroanilino-4-5-diethylamino-a-methylbutylamino-6-methylpyrimi- 
ine dihydrochloride (No. 3300, Fig. 1), the thiosemicarbazones of p-dimethylamino- 

_nd p-N-pyrrolidino-benzaldehyde (Nos. 5672 and 5961, Figs. 2 and 3) and 
, -dimethylaminobenzaldehyde 4-isobutylthiosemicarbazone (No. 5878, Fig. 3). The 
\niosemicarbazones of p-nitrobenzaldehyde (No. 6056), p-methoxybenzaldehyde 
(No. 6057), and p-hydroxybenzaldehyde (No. 6082) all exerted some effect upon 
the disease produced by the lighter infection (Figs. 3, 4, and 5). The graph for 
No. 6056, included in Experiment 168 (Fig. 3), is not drawn, as it was almost 
coincident with that for No. 6057. 


The best results which we have observed with a thiosemicarbazone in mice 
infected with 0.02 mg. of bacilli were obtained with the thiosemicarbazone of 
p-ethylsulphonylbenzaldehyde (No. 8388, Figs. 5 and 6). The graph representing 
the results of Experiment No. 241 (Fig. 5) shows the effect produced by this drug 
on a group of animals to which it was administered, as was usual, over the whole 
period of the experiment ; a similar group was included in which administration of 
drug was stopped at 85 days. The animals in this latter group began to die more 
quickly after withdrawal of the drug than did the animals under continued treat- 
ment. For example, at 180 days, 60 per cent of the animals dosed for only 85 days 
were dead, as compared with 29 per cent of the animals under continued treatment. 
lhe closely related compound No. 8574, the thiosemicarbazone of p-methyl- 
sulphonylbenzaldehyde, was much less effective. The graph for this compound 
is not drawn as it was almost coincident with that for 4 : 4’-diaminodipheny] sulphone 
(No. 371). In Experiment No. 254 (Fig. 6), treatment was delayed until 21 days 
fter infection, by which time the disease was well advanced, since the control 
nimals left untreated began to die on the 25th day. A marked effect was observed 
ith No. 8388 at a dose of 10 mg. per 20 g. per day, and even at a dose of 2.5 mg. 
ner 20 g. per day the effect was only slightly smaller. Streptomycin (750 units per 
ouse twice daily) produced a much better effect. 


Recent publications (e.g., Heilmeyer, 1949 ; Lancet, 1950) show that the thiosemi- 
rbazone of p-acetylaminobenzaldehyde (under the code number Tb.1/698) has 
en used clinically in the treatment of tuberculosis. We have compared this com- 
und (No. 9311) with the thiosemicarbazone of p-ethylsulphonylbenzaldehyde 
o. 8388) and with streptomycin in an experiment (Fig. 7) in which dosing was 
layed until 21 days after infection and then continued for 40 days. Both thiosemi- 
rbazones markedly prolonged the lives of the treated animals, the effect of 
). 8388 being somewhat the greater. Streptomycin was more effective than either, 
ice Mice receiving 1,000 units twice daily were all alive at the conclusion of 
© experiment—hence these animals are not represented in Fig. 7. Although the 
ice receiving streptomycin appeared at the end of the experiment to be in good 
ndition and their average weight was considerably greater than that of the other 
cated mice, their Jungs, when examined post mortem, were found to be grossly 

nlarged and abnormal, being scarcely distinguishable from those of the mice treated 
ith Nos. 8388 and 9311. 
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DISCUSSION 


The results of the first five experiments described above lead to the conclusion 
that the synthetic compounds examined are in general placed in the same order 
when tested in mice infected with a small inoculum (as described here) as they are 
when tested in mice infected with a large dose of organisms (as described in 
previous reports). 4: 4’-Diaminodipheny] sulphone is exceptional in producing an 
unexpectedly good response under the new conditions. It is possible that the pre- 
dominantly necrotic lesions found in the lungs of the more heavily infected animals 
contain substances antagonistic to the action of 4: 4’-diaminodiphenyl sulphone, 
and that these substances are present to a smaller extent in the essentially prolifera- 
tive lesions produced by the smaller inoculum. In experiments in which dosing 
was delayed the superiority of streptomycin was apparent in the improved condition 
and the gain in weight of the animals soon after starting treatment. On the other 
hand, animals in the groups treated with No. 8388 showed a temporary loss in 
weight and condition immediately after administration of this drug. The inferiority 
of No. 8388 may in part have been due to the temporary reduction of the intake 
of food and loss in weight which we have observed to take place when mice are 
offered food containing this drug. Animals offered such food are found to eat 
only 60-70 per cent of the normal amount during the first seven days. A temporary 
loss in weight has been observed also, when this drug is first given by mouth. 





SUMMARY 


A number of synthetic substances, shown in earlier papers to extend the survival 
time of mice infected intravenously with a heavy inoculum of Mycobacterium 
tuberculosis, have been examined under the different conditions which prevail when 
the infecting dose is reduced. The less active compounds have no significant effect 
upon the course of the disease under the new conditions, but a definite response has 
been observed with the more active members of a group of thiosemicarbazones. The 
best of these compounds show “ activity ” greater than that observed with p-amino- 
salicylic acid or with 4 : 4’-diaminodipheny]l sulphone, but this activity is much less 
than that exerted by streptomycin under the same conditions. 
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Recently, Halpern and Briot (1949) have shown that the antihistamine substances, 

antergan, neoantergan, and phenergan, all cause a fall of body temperature in normal 
rats and that the effect is much increased after adrenalectomy. Another pheno- 
thiazine compound, 3300 R.P., which has little or no antihistamine activity did 
not have this hypothermic action. The effect of phenergan in a dose of 5 mg./100 g. 
was increased from an average maximum depression of about 3° C. in normal 
rats toa maximum of about 10° C. after adrenalectomy. Dutta (1948) has observed 
a similar effect in mice after injection of several substances including pethidine, 
atropine, procaine, quinidine, and the antihistamine substance, benadryl. This 
effect too was much greater after adrenalectomy. Dutta suggested that the action 
was probably due to the peripheral action of these substances, all of which possess 
everal common properties including that of antagonizing actions of acetylcholine. 
He concluded that the hypothermic action was probably due to lessened activity, 
nd therefore decreased heat production, in the skeletal muscles owing to this 
ntagonism of acetylcholine. Halpern suggested that the action which he observed 
| rats with antihistamine substances was more probably due to a central depressant 
‘tion, with a resultant decrease in basal metabolic rate. 


In order to obtain further information on this problem the oxygen consumption 
f rats was measured before and after injection of suitable doses of phenergan and 
coantergan. The temperature changes were also followed. Since adrenalectomized 
nimals were known to be much more sensitive to the hypothermic action, the 
xperiments were repeated in animals after removal of the adrenals. 


One group of four animals received an injection of 5 mg. 3300 R.P./100 g. 
[his substance did not have any effect on the rectal temperature in the experiments 
‘{ Halpern and Briot (1949). Structurally it is closely similar to phenergan, being 
\-(3’-dimethylamino-2’ : 2’-dimethylpropyl) phenothiazine hydrochloride. 


Some incidental observations were also made on the relative sensitivity to these 
substances of animals which had been kept since birth at a uniform temperature 
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of 29.5° C. It was found that their hypothermic response differed from that of 
animals which had been kept at the normally fluctuating animal house temperature. 






METHODS 


All the rats used were males, aged from 5-6 months. In the early experiments, 
rats which had been acclimatized for some months to an environmental temperature of 
29.5° C. were used (“adapted rats”). Some later experiments were done using rats 
kept at the usual laboratory temperature until 24 hours before the metabolic rate was 
measured, when they were placed in a warm room at a constant temperature of 29.5° C. 
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Fic. 1.—Action of phenergan (5 mg./100 g.) on oxygen consumption of adapted and non-adapted 


rats before and after adrenalectomy. Groups of 5 rats. Abscissae . time in min. after 
injection. Ordinates: percentage of average oxygen consumption before injection. 
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(“non-adapted rats”). Oxygen consumption was measured by the method recently 
described by Bargeton and Krumm-Heller (1948, 1949). By this method, the oxygen 
consumption of each of five rats is followed at regular intervals. After a series of 
control observations, the animals were injected with the test substance, replaced in the 
ipparatus, and, after a period of 15 to 30 minutes to allow them to become quiet, 
determinations were repeated. At intervais of from 30-60 minutes the rectal temperature 
of each animal was measured by inserting a thermometer through the anus into the 
sigmoid colon, the readings being made after one minute. For this purpose it was 
necessary to remove all the animals from the apparatus. This also served the useful 
purpose of flushing out of the apparatus any toxic gases of intestinal origin expelled 
by the rats. 

Observations of oxygen consumption and of temperature were thus continued for 
some hours. Actual metabolic rates were not deduced from the results. The average 
oxygen consumption for the five rats in each period of 5 or 10 minutes was expressed 
as a percentage of the average value before injection. 

The adrenalectomized animals were prepared under ether anaesthesia in the usual 
way and were used for experiment 72 hours after operation, by which time sensitivity was 
considerably increased. The cited doses of phenergan (3277 R.P., N-(2’-dimethylamino- 
n-propyl) phenothiazine hydrochloride) are of the base, and those of neoantergan 
(2786 R.P., N-dimethylaminoethyl-N-p-methoxybenzyl-a-aminopyridine) are in terms of 
its hydrochloride. 


RESULTS 
Phenergan (Figs. 1 and 2) 


In normal, adapted rats the subcutaneous injection of 5 mg. phenergan per 100 g. 
was followed by an initial increase in the rate of oxygen consumption with a later 





A Normal, adapted rats. 

B Adrenalectomized, adapted rats. 

C Normal, non-adapted rats. 

38 + D Adrenalectomized, non-adapted rats. 
Phenergan 5 mg./100 g. at O. 
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MINUTES AFTER INJECTION 
FiG. 2.—Action of phenergan (5 mg./100 g.) on the rectal temperature of ** adapted ” and “ non- 


adapted” rats before and after adrenalectomy. Abscissae : time in min. after injection. 
Ordinates: average rectal temperature (1 min.) in °C. Groups of 5 rats. 
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fall of about 10 per cent at three hours. The average fall in rectal temperature was no 
more than 1° C. After adrenalectomy, however, the average fall in temperature 
was 2.5° C. at three hours, and after a slight temporary increase the rate of oxygen 
consumption fell by about 20 per cent. In another experiment 25 mg. phenergan 
per 100 g. was injected, and there was only an increase in oxygen consumption during 
the next four hours, while the temperature, after an initial slight fall, showed a 
slight increase (Fig. 3). Increased motor activity and even convulsions were seen 
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in these animals, four of which were dead within 24 hours. In the non-adapted 
rats, the effects of injection of 5 mg. phenergan per 100 g. were more pronounced 
than in adapted animals. In the first 90 minutes after injection no increase in 
oxygen consumption was seen and the temperature fall was greater. These animals 
were, however, obviously somewhat excited and were not absolutely quiet in the 
apparatus. 


Neoantergan (Figs. 4 and 5) 


In normal, adapted rats the dose of 10 mg. neoantergan per kg., which Halpern 
and Briot had used, was rapidly lethal to four of five animals. All exhibited con- 
vulsions, and in those animals from which measurements could be made before 
death there was a great increase in oxygen consumption. This amounted to 125 
and 88 per cent in the two animals which survived for 42 and 49 minutes after 
injection. In the one animal which did not die there was a sharp rise in the rate 
of oxygen consumption of about 100 per cent with a return to the normal level after 
two and a half hours. This animal showed a fall in temperature of 0.8° C. at 
three hours. 
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Fic. 4.—Action of 
neoantergan on 
oxygen consump- 
tion of groups 
oa 5 tas. @) 
Adrenalectomiz- 
ed, adapted rats, 
(2) normal, non- 
adapted rats. 
Increased motor 
activity, even 
convulsions and 
an increased O, 
consumption. 
Abscissae: time. 
Ordinates : per- 
centage of aver- 
age O, consump- 
tion before 
injection. 
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Adrenalectomized adapted rats injected 
A « Neo-antergan™” 2.5 mg./100 g. at O. 


Normal non-adapted rats injected 
B “Neo-antergan™ 5.0 mg./100 g. at O. 
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Adrenalectomized adapted rats injected 
A “ Neo-antergan™ 2.5 mg./100 g. at O. 


Normal non-adapted rats injected 
B . Neo-antergan” 5.0 mg./100 g. at O. 








AVERAGE RECTAL TEMPERATURE °C 


4 
a 


100 


i 4 
T T 


200 300 


MINUTES AFTER INJECTION 


Fic. 5.—Action of neoantergan on rectal temperature of groups of 5 rats. 
adapted rats, (2) normal, non-adapted rats. 
motor activity and a rise in oxygen consumption. 
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In non-adapted rats injection of 5 mg. neoantergan per 100 g. was followed 
by an increased oxygen consumption (average, 24 per cent at 45 minutes) and an 
average fall in temperature of 1.2° C. at 90 minutes. Both functions were normal 
after three hours. In normal, adapted rats, 1 mg. neoantergan/100 g. had no 
effect on the rate of oxygen consumption. 


In adrenalectomized, adapted rats, injection of 2.5 mg. neoantergan per 100 g. 
caused an average fall in temperature of 2.2° C. at one hour with only a slight 
lowering of the oxygen consumption after an initial increase of about 12 per cent. 


3300 R.P. 


This substance did not significantly alter either body temperature or oxygen 
consumption (Fig. 6) and had no obvious action on general activity. 





100% 
Fic. 6.—3300!} R.P. (5 mg./100 g.) 
38°C | Temperature’ has a significant effect on 
} : rectal ‘temperature or oxygen 
37°C ketenes consumption in a group of 4 
me normal, non-adapted rats. 
36°C Abscissae: time. Ordinates: 
average rectal temperature in 
| °C., and percentage of average 
90 + O, consumption before injection. 
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Control animals 


Insignificant changes occurred in the oxygen consumption of two groups of five 
normal rats kept in the apparatus for some hours. 


DISCUSSION 


Several interesting points arise from these results. Doses of phenergan which 
caused only a mild and temporary increase in activity of the rat caused an initial 
slight rise in oxygen consumption followed by a fall both of temperature and 
oxygen consumption. This fall was much greater after adrenalectomy. The hypo- 
thermic action is probably at least partly due to a central effect on the temperature 
regulating centre. This accords well with other evidence of a central depressant 
action of phenergan, e.g., its well-known sedative effect when used clinically. A 
similar action is seen in rabbits when a small dose is injected into the third 
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ventricle (Halpern, 1949). In addition, phenergan has been found to be of con- 
siderable benefit in the treatment of Parkinson’s disease, the site of action being 
-entral. 

When large doses of phenergan are injected there is such a pronounced central 
notor excitation (convulsions) that the metabolic rate is increased. Even so, the 
iemperature at first falls, perhaps because of a depressant effect on the “heat 
regulating centre.” Later the effect of the very large increase in motor activity 
exceeds the central depressant action and the temperature rises slightly. 

With neoantergan, both temperature and rate of oxygen consumption fell in 
adrenalectomized, non-adapted rats, but the effect was less than that of a large 
dose of phenergan. 

In the normal animals, neoantergan caused considerable excitement and a greatly 
increased oxygen consumption, together with only a slight fall of temperature. There 
was certainly increased muscular activity and yet the temperature fell. This is 
unlikely to be due to a peripheral action and probably represents the animal’s 
failure, in spite of convulsive muscular activity, to maintain its temperature. 

Dutta’s suggestion that the similar hypothermic action of procaine, etc., may 
be due to peripheral antagonism of acetylcholine resulting in reduced heat pro- 
duction from less active muscles seems inadequate to explain the effect of phenergan 
and neoantergan in the rat. Some interesting results were recently reported by 
Mahaux and Kowaleski (1949), who found that “ Diparcol,” which gives relief from 
the symptoms of Parkinson’s disease, causes a fall in the rate of oxygen consumption 
of such patients and also in hyperthyroid subjects. The rise in metabolic rate of 
such hyperthyroid patients after exercise is also much less if they are given diparcol 
before the exercise. Diparcol is N-diethylaminoethyl-phenothiazine hydrochloride. It 
has actions similar to procaine in addition to being an inhibitor of pseudo cholin- 
esterase (Gordon, 1948). Mahaux and Kowaleski consider that diparcol lowers 
metabolic rate by depression of the increased excitability of the higher centres 
controlling heat production. 

The observation that equal doses of 3300 R.P. do not have the same temperature- 
wering effect as phenergan suggests that the action of the latter may be related 
0 its antihistamine activity, an activity which 3300 R.P. does not possess. 

The observed increase in the sensitivity of non-adapted animals to the hypo- 
hermic and central metabolic depressant action of phenergan is particularly interest- 
ng in view of the recent work of Galvao (1947). He has shown that, in animals 
nd men living at the relatively high and constant temperature of Sado Paulo, the 
netabolic rate is more nearly proportional to body weight than to surface area. 
(he relation to surface area is more nearly true in relatively cooler places. Bargeton 
1949) has suggested the possibility that the observed metabolic rate of men and 
inimals in cold places is not a true “ basal metabolic rate.” The organism is always 
naintaining a temperature in excess of that of its environment. For this purpose 
‘ts energy metabolism is in excess of the “true ” basal metabolism. As a corollary 
‘o these observations one might expect that animals adapted to a higher temperature 

than that of the normal environment might show a metabolic rate more closely 
approximating to that which is truly basal for them and so would probably be less 
sensitive to the central depressant action of substances such as phenergan. Galvao 
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(1947) has also shown that under the conditions in Sao Paulo (corresponding in 
some degree to the conditions of the present adapted animals) there is no significant 
difference between the oxygen consumption of unanaesthetized dogs and that of dogs 
anaesthetized with dial and morphine, the rectal temperatures of the latter animals 
being kept at a normal level by external heating. 

This increased susceptibility of non-adapted rats may throw some light on the 
difference between the effects on temperature observed here and those seen afte: 
equal doses of phenergan by Halpern and Briot (1949). These workers found a 
very considerable hypothermic effect, as much as 10° lowering of temperature, some 
3-6 hours after phenergan in adrenalectomized rats. Their experiments were done 
during the early part of the year, in February and March, when the animals’ environ- 
mental temperature was probably very much lower than that obtaining when the 
present experiments were done, during the heat-wave of July, 1949. This is in 
addition to the notorious difference between susceptibility of different animals in 
different laboratories. 

The enhanced action of these substances in adrenalectomized animals does not 
appear to be secondary to an increased resting metabolism after adrenalectomy. 
It is, of course, well known that such animals are very sensitive to changes in 
environmental temperature. Methods for the assay of adrenocortical hormone take 
advantage of this fact, using adrenalectomized drakes and rats dying, unless treated, 
much more quickly at low temperatures than at high ones. 


SUMMARY 


1. In rats, the fall of temperature after injection of phenergan is accompanied, 
often after an initial rise, by a fall in oxygen consumption. The fall in temperature 
often occurs at a time of increased muscular activity. It is suggested that the 
hypothermic effect is probably due to a central, and not to a peripheral, action. 


2. Both effects are enhanced in adrenalectomized rats. 


3. After neoantergan, a probable central depressant effect on the heat-regulating 
centre is overshadowed by the considerable convulsions of cortical origin induced 
by the substance. 


4. A substance 3300 R.P., chemically similar to phenergan, but having no anti- 
histamine activity and causing no fall in temperature of rats, has no significant 
effect on their oxygen consumption. 


5. Animals which have been adapted for some months to a temperature 0! 
29.5° C. are much less sensitive to the hypothermic and metabolic depressant action 
of phenergan than rats which have not been so adapted. 


6. The significance of this latter result is discussed especially in relation to the 
recent observations of Galvao. 


I must express my thanks to Dr. B. N. Halpern, at whose suggestion this work w 
done, for his hospitality and stimulating discussion; also to the Société Theraplix, 
Paris, and especially to Dr. D. Bargeton, for the hospitality of their physiologic«| 
laboratory during the performance of the experimental work. 

It would have been impossible to do the work without the considerable assistance: 
of Mr. Krumm-Heller, of the same laboratory. 
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THE ANTICURARE ACTIVITY OF TETRAETHYL- 
AMMONIUM ION IN THE CAT 


BY 
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From the Department of Pharmacology, Oxford University 
(Received February 20, 1950) 


Although tetraethylammonium ion (TEA) was reported to have some anticurare 
activity in the cat by Rothberger (1902) little attention has been paid to this aspect 
of its pharmacological activity. However, its anomalous action compared with 
other simple onium ions at the neuromuscular junction, such as its relative lack of 
“ curariform ” activity, its production of fibrillary twitching in voluntary muscle, 
and its augmentation of the response of frog muscle to indirect stimulation, has been 
studied in some detail. The literature on these points has been reviewed by Ing 
(1936), as have the observations of the direct action of TEA on frog nerve. 
Lorente de No (1948, 1949) also has observed that TEA affects frog nerve activity in 
that TEA and several related compounds were found to restore conduction to certain 
types of frog nerve fibres after they had been caused to fail by sodium depletion. 

In a study (Kensler, 1949) of the action of TEA on the rat phrenic nerve- 
diaphragm preparation (Biilbring, 1946), TEA was found to antagonize the curarizing 
agents d-tubocurarine chloride, B-erythroidine hydrochloride, and dihydro-f-ery- 
throidine hydrochloride, and to restore function impaired by a deficiency of calcium 
ions. TEA also antagonized the action of tubocurarine on the kitten phrenic nerve- 
diaphragm preparation although Sullivan and Kensler (1950) found it less effective in 
“replacing” calcium than in the rat preparation. As TEA has recently been 
observed (Kensler, 1950) to antagonize the curarizing action of | : 2 : 3-tri-8-diethyl- 
aminoethoxy) benzene triethiodide (Flaxedil) and decamethonium iodide (C10) on 
both the rat and kitten diaphragm preparations, the study of the anticurare activity 
of TEA has been extended to the cat gastrocnemius muscle preparation in vivo. 

Acheson and Pereira (1946a) noted that TEA antagonized tubocurarine to some 
extent in the cat. However, these authors (1946b) state that “TEA over a wide 
range of doses has no action other than a specific ganglionic blocking action.” 


METHODS 


Cats were anaesthetized first with ether and then with chloralose (ca. 80 mg./kg.) 
and were prepared for recording the response of the left gastrocnemius muscle to sciatic 
nerve stimulation using the technique of Biilbring and Burn (1941). The sciatic nerve 
was stimulated with supra-maximal single shocks of 0.5 msec. duration from a square 
wave stimulator at rates of 12-18 per minute. Blood pressures were recorded fron 
the carotid artery by means of a mercury manometer. 


*Smith, Kline, and French Travelling Fellow on leave from the Department o! 
Pharmacology, Cornell University Medical College, New York. 
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The curarizing compounds were injected intra-arterially through a cannula inserted 
nto the central end of the right iliac artery at the bifurcation of the aorta and TEA 
vas injected at this site or intravenously through a cannula inserted into the right 
‘xternal jugular vein. Doses of TEA refer to tetraethylammonium bromide. 


RESULTS 

In confirmation of the results obtained with isolated phrenic nerve-diaphragm 
preparations, TEA has been found to antagonize the action of tubocurarine chloride, 
flaxedil, and to a lesser extent decamethonium iodide in the cat gastrocnemius 
preparation. 

The results of a typical experiment in which the curarizing action of 350 yg. 
d-tubocurarine chloride was antagonized by 4 mg. TEA are shown in Fig. 1. Both 
compounds were injected intra- 
arterially. As can be seen in this 
Figure the anticurare activity of 
rEA is extremely rapid. Smaller 
doses of TEA antagonized tubo- 
curare equally rapidly although 
less completely. The smaller 
doses (0.5 mg. or less) did not 
cause a significant lowering of 
the blood pressure although the 
higher doses did. 

TEA readily antagonized 
‘laxedil, but only the larger 
imounts (ca. 4 mg.) were active 
igainst_ decamethonium iodide 5, 4 cat. 





Ether and chloralose. Record of single 


C10). The antagonism of a twitches of left gastrocnemius in response to supra- 

C1 : : maximal single shocks of 0.5 msec. duration at 12-18 
) block by intra arterially per min. Neuromuscular block produced by 350 
ijected TEA is illustrated in ug. d-tubocurarine chloride relieved by 4 mg. TEA. 
ig. 2. \Both drugs given intra-arterially. Time marker 
7 every 10 sec. 


Fic. 2.—Similar pre- 
paration to that of 
Fig. 1. Intra-arterial 

ATT i injections. Top: 

Ci = Spontaneous recovery 

of preparation from 

neuromuscular block 
produced by 50 yg. 
decamethonium 
iodide. Bottom: an 

H) oo ATT HATA hour earlier 6 mg. 

Hi A ARATE AAA HH TEA restored con- 

HN tractions after a dose 

of decamethonium 

iodide (50 ug.). Time 
marker every 30 sec. 
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TEA 7.0 mgm, Agm 1b. 


Fic. 3.—Similar pre- 
paration to that of 
Fig. 1. Effect of 
intravenous injections 
of TEA (7 mg./kg.) 

and neostigmine (100 
Neosty. /00 Ykgm bv ug./kg.) after neuro- 
muscular block pro- 
duced by 250 uzg. 
tubocurarine — chlor- 
ide. An hour elapsed 
between the upper 
and lower recordings. 
Time marker every 
30 sec. 









Fic. 4,—Same experiment as in Fig. 3. Blood pressure records obtained at the same time as t! 
gastrocnemius tracings in Fig. 3. Upper: tubocurarine followed by TEA. Lower: tubx 
curarine followed by neostigmine. Time marker every 10 sec. 
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Fic. 5.—Similar preparation to that of Fig. 1. 


Tubocurarine and neostigmine given alter- 
nately until neostigmine failed to antagonize 
the former; 2 mg. TEA now produced a 
prompt restoration of the contractions. 


Intravenous injection of TEA has also 
been found to antagonize the action of 
tubocurarine. The results of such an 
experiment are shown in Fig. 3 ; the con- 
current blood pressure recordings are 
shown in Fig. 4. The anticurare action 
of intravenously administered neostigmine 
in the same animal is shown in Fig. 3 and 
the concurrent effect of neostigmine on 
blood pressure is shown in Fig. 4. It will 
be noted that the anticurare action of 
TEA is more rapid than that of neostig- 
mine, although the dose of TEA adminis- 
tered produced a fall in blood pressure 
whereas neostigmine produced a rise. No 
quantitative comparison of the anticurare 


activity of TEA and neostigmine has been made, although on the basis of the work 
done TEA appears to be less than one hundredth as active as neostigmine on a molar 


basis. 


In a series of experiments (Kensler, 1950) on the rat phrenic nerve-diaphragm 
preparation it was observed that if the amount of tubocurarine which could be 
antagonized by increasing amounts of neostigmine was exceeded, TEA still possessed 
anticurare activity. Conversely, neostigmine was also found to exert anticurare 
activity when the amount of tubocurarine that could be antagonized by TEA was 


iG. 6.—Similar preparation to that 
of Fig. 1. TEA (1 mg.) had 
scarcely any effect on the con- 
tractions of the cat gastrocnemius 
at 12.34 and 2.10 p.m., but 6 min. 
after 10 ug. neostigmine at 1.02 
p.m. the same dose of TEA (1 mg.) 
produced a marked increase in 
the size of the contractions. Time 
marker every 30 sec. 
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exceeded. The results of a similar experiment in the cat are shown in Fig. 5. In 
this experiment partial paralysis was produced by the injection of 250 yg. tubo- 
curarine chloride. This was antagonized by the intra-arterial injection of 60 ng. 
neostigmine, again blocked with tubocurarine, and antagonized by neostigmine and 
so on until further injections of neostigmine no longer accelerated recovery from 
the tubocurarine block. This “ titration ” was carried out over a period of 58 minutes 
during which 750 yg. tubocurarine chloride and 260 yg. neostigmine were adminis- 
tered. As is shown in Fig. 5 TEA in this situation still possessed marked anticurare 
activity. 

TEA has no significant anticholinesterase activity (Barlow and Ing, 1948), but 
it does antagonize C10 which is not antagonized by neostigmine (Paton and Zaimis, 
1949) ; these facts indicate that the anticurare activities of TEA and neostigmine are 
dependent on different mechanisms. However, it was noted that in preparations 
treated with neostigmine, TEA greatly increased the response of the gastrocnemius 
muscle to sciatic nerve stimulation. As is shown in Fig. 6 TEA in a dose which 
by itself produced little or no effect produced a marked increase in muscle response 
when it was preceded by a dose of neostigmine just sufficient to augment the muscle 
response slightly. 

DISCUSSION 


The experiments described show that TEA, in doses commonly used to achieve 
ganglionic blocking action, has a marked effect on neuromuscular transmission in 
the cat gastrocnemius muscle ; it will antagonize neuromusclar block produced by 
tubocurarine, flaxedil, or decamethonium iodide ; it will also augment the response 
of the muscle to indirect stimulation after small doses of neostigmine have been 
administered. 

In view of the observations of Loeb and Ewald (1916), Cowan and Ing (1933, 
1935), and Cowan and Walter (1937) that treatment of frog nerves with TEA 
(0.01—0.042 M) gives rise to repetitive discharges when they are stimulated with 
single shocks, one is inclined to explain the results obtained in the cat on this basis. 
However, there is no evidence that lower concentrations of TEA have this action, 
and Ing and Wright (1933) have shown that whereas TEA in a concentration of 
0.01 mM produced augmentation of the response of the frog sartorius muscle to nerve 
stimulation, a concentration of 0.001 M was without effect. In experiments on the 
rat diaphragm in which muscle action potentials following nerve stimulation were 
recorded Vaughan Williams and Kensler (unpublished) were unable to detect any 
evidence of repetitive firing when TEA was used either to restore function depressed 
by calcium deficiency or to antagonize curare, although small amounts of neostigmine 
produced double action potentials. In view of these observations and the fact that 
the doses of TEA used in the cat produced no observable fasciculation it would 
appear that the results reported are not due to repetitive nerve responses to single 
shock stimuli. 

SUMMARY 

1. Intra-arterially injected tetraethylammonium ion has been found to antagonize 
the curarizing action of d-tubocurarine chloride, 1 : 2 : 3-tri-8-diethylaminoethoxy- 
benzene triethiodide (flaxedil) and to a lesser extent decamethonium iodide in the 
cat gastrocnemius muscle stimulated through its nerve. 
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2. Intravenously administered tetraethylammonium ion in doses commonly used 
o produce ganglionic blocking action has also been found to antagonize d-tubo- 
surarine chloride. 

3. Tetraethylammonium ion has been shown to restore the contractions of a cat’s 
zastrocnemius even after doses of tubocurarine and neostigmine have been given 
ilternately until the latter drug, in what were initially completely effective doses, 
ceases to be effective in relieving the neuromuscular block. 

4. Doses of tetraethylammonium ion which produced little or no action on the 
response of the cat gastrocnemius muscle to nerve stimulation produce after small 
doses of prostigmine a marked augmentation of the response. 
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DETERMINATION OF HETRAZAN IN BIOLOGICAL 
FLUIDS 


BY 


M. LUBRAN 
From the West Middlesex Hospital, Isleworth, Middlesex 


(Received February 21, 1950) 


Hetrazan (1-diethylcarbamyl-4-methylpiperazine hydrochloride) was introduced 
by Hewitt and co-workers (1947a, b, c; 1948) for the treatment of filariasis and 
applied to filariasis in man caused by Wuchereria bancrofti by Santiago-Stevenson 
and co-workers (1947). It is effective in small doses, and blood concentrations seldom 
exceed 0.5 mg. per 100 ml. The chemical structure of hetrazan makes difficult the 
finding of a specific, sensitive colour test, but it was found possible to estimate it by 
an application of the general method for the determination of organic bases described 
by Brodie and Udenfriend (1945). In this method, a coloured salt of the base is 
formed with a dye and is extracted into a solvent in which the dye itself is insoluble. 
The specificity of the method can be increased by a proper choice of solvent, dye, 
and conditions of extraction. 


METHOD 
Reagents 


(1) 30 per cent (w/v) NaOH (A.R. grade). 

(2) Ethylene dichloride. The technical grade usually supplied must be purified for 
use. Shake | litre of ethylene dichloride with two 200 ml. portions of N-HCl. Wash 
three times with 500 ml. portions of distilled water. 

(3) 0.05 per cent (w/v) bromthymol blue, pH 7.0. Weigh 0.500 g. bromthymol blue 
powder into a litre standard flask. Add 6.810 g. KH,PO,, dissolved in distilled water. 
and swirl the flask to dissolve the dye. Then add 30.0 ml. N-NaOQH, mix well, and 
make up to | litre with distilled water. For use, wash 100 ml. of the dye solution 
three times or more with 20 ml. portions of ethylene dichloride. There should be no 
extractable colour seen with the naked eye when 1 ml. bromthymol blue is shaken 
with 5 ml. of ethylene dichloride. 

(4) Stock standard hetrazan. This contains 20 mg. of hetrazan base per 100 ml. 
Dissolve 0.2366 g. of the hydrochloride in distilled water to make | litre. The solution 
keeps well. 

(5) Urine standard. This contains 2 mg. hetrazan base per 100 ml. 

(6) Blood standard. This contains 1 mg. hetrazan base per 100 ml. 

Both these dilute standards should be made fresh as required. 

(7) Carbon disulphide. Use the fresh liquid. Discard it when deeply yellow. 

(8) N-NaOH. This need be only approximately normal. 


Apparatus 


Extractions of blood can be conveniently carried out in a 1 ounce screw-capped 
bottle (“ universal container”), the rubber liner in the cap being guarded by a disc of 
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cellophane. Extraction and centrifugation can thus be carried out in the same vessel. 
For urine extractions, a 4 ounce screw-capped bottle is satisfactory. Mechanical 
shaking can be carried out in a Kahn shaker. 


In this work, optical densities were measured by means of a Spekker photoelectric 
absorptiometer, fitted with micro-cups. An adaptation of the method, enabling it 
to be used with the usual types of visual colorimeter, is described in this paper. 


Procedure for blood 

To 5 ml. of serum or plasma in a stoppered vessel, add 1 ml. of 30 per cent NaOH 
and 5 ml. “of ethylene dichloride. At the same time, treat 5 ml. of distilled water 
and 5 ml. of blood standard in the same way. Shake mechanically, or by hand, for 
5 minutes and then centrifuge for 10 minutes as fast as possible. Three layers are 
formed, a clear ethylene dichloride layer (at the bottom), a turbid upper aqueous layer, 
and a thin solid middle layer. Remove the aqueous layer with a teated pipette, pierce 
the solid layer, and filter the ethylene dichloride layer through a small Whatman No. 
41 filter paper into a small tube. About 3.5 ml. of extract should be obtained. 
Occasionally, an emulsion is formed in the bottom layer. This can be broken by 
brisk stirring with a glass rod, followed by fast centrifugation. 


Measure 3 ml. of the ethylene dichloride extract into a small centrifuge tube, add 
| ml. of bromthymol blue, stopper (using a rubber bung wrapped in cellophane), and 
shake by hand for two or three minutes. Centrifuge for 5 minutes at a moderate 
‘ speed. Two layers are obtained. Remove and discard as much of the upper layer 
as possible and filter the lower, yellow, ethylene dichloride layer through a small paper. 
About 2.5 ml. of extract should be obtained. 

To 2 ml. of this extract in a small centrifuge tube, add 1 ml. of N-NaOH, stopper, 
and shake for a few minutes by hand. Centrifuge for 5 minutes and collect the clear 
supernatant blue layer. 

Read the optical density of the blue solution in the Spekker, using a red filter. 
Set the blank obtained from water carried through the procedure at zero. The con- 
‘entration of hetrazan can be read from a previously prepared calibration curve 
or calculated from the formula: 

reading of test 
reading of standard 
‘he calibration curve over the range 0-20 yg. hetrazan base/ml. is a straight line. 


eta AONB en. 





x 10 = pg. hetrazan base/ml. serum or plasma 


‘rocedure for urine 


To 10 ml. of urine in a stoppered vessel, add 2 ml. of 30 per cent NaOH and 
) ml. ethylene dichloride. Shake mechanically, or by hand, for 10 minutes and allow 
) stand until partial separation into two layers has occurred. Remove and discard 
bout 10 ml. of the upper layer and transfer the remainder to a 15 ml. centrifuge tube. 
pin for 5 minutes to get two layers. Remove as much of the supernatant as possible 
nd filter the ethylene dichloride layer through a small Whatman No. 41 paper into 
| centrifuge tube. Carry out the same procedure with 10 ml. of distilled water (water 
lank) and 10 ml. of urine standard. Emulsion formation is uncommon and easily 
iealt with as described for blood. 


To the ethylene dichloride extract (there is no need to measure its volume) add 
| drop (about 0.1 ml.) of CS,, mix by tapping, stopper, and allow to stand for 15 
minutes. Add 4.0 ml. N-NaOH, shake well for two or three minutes, and centrifuge 
0 obtain two layers. Remove the upper layer and filter the lower ethylene dichloride 
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layer through a small filter paper. About 8 ml. should be obtained. Transfer 5 ml. 
of this to a centrifuge tube, add 3 ml. bromthymol blue, shake by hand for a few 
minutes, and then centrifuge. If the supernatant is very pale or colourless, remove 
most of it, add a further 3 ml. of bromthymol blue, and shake once more. Repeat 
the process until a deeply coloured supernatant is left. Remove the upper layer as 
completely as possible and filter the yellow ethylene dichloride layer as before. 
Using a violet filter, read the optical density of the yellow extract in the Spekker, 
setting the water blank at zero. Dilute deeply coloured extracts with ethylene dichloride, 
if necessary. Read the concentration from a calibration curve or calculate from the 
formula : 
reading of test 
reading of standard 
= pg. hetrazan base/ml. of urine 


x 20 x dilution factor 


For other fluids, e.g., hydrocoele fluid, the procedure is the same as for urine. 


DISCUSSION OF METHOD 


In the method described, normal whole blood has an appreciable apparent 
hetrazan content sometimes reaching 3 y»g./ml. With plasma or serum, however, 
this blank value is usually zero and seldom exceeds | yg./ml. Slight haemolysis 
is of no importance. Recovery experiments show 95-100 per cent extraction. 
Deproteinization of whole blood, serum, or plasma by the usual methods gives 
rise to an enhanced blank value and a diminution in the recovery of added hetrazan, 
less than 70 per cent being recovered. 

The apparent hetrazan content of normal urines is higher, being usually 
2-3 pg./ml. but sometimes exceeding 10 wg./ml. If the step involving addition of 
CS, is omitted, much higher blank values are obtained. It is probable that much of 
the apparent hetrazan in urine consists of primary and secondary amines, which can 
be made to combine with CS, and extracted by alkali as thiocarbamates. No 
hetrazan is removed by this procedure. 


Adaptation of method for use with visual colorimeter 


Urine.—No special modification is required, as adequate volumes of extract are 
obtained. The water blank, which is extremely pale, can be disregarded. Com- 
pare test and standard in the usual way, using a blue or violet filter. 


Blood.—To 2 ml. of the final ethylene dichloride extract add | ml. of absolute 
ethyl alcohol and a small drop (about 0.02 ml.) of 30 per cent NaOH. A clear 
blue solution results, the intensity of which can be read against a neutral grey screen 
(density 0.25), using a red filter. Readings should be carried out within 10 minutes 
as a slight turbidity sometimes develops after this period. If the readings of blank, 
test, and standard are respectively B, T, and S, then 

—s x > x 10 =pg. hetrazan base/ml. serum or plasma 
When the blank is very pale, i.e., B is large compared with T and S, the formula 
reduces to 


> x 10 =pg. hetrazan base/ml. serum or plasma 
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Blood and urine hetrazan levels were determined in normal male volunteers 
fter the oral administration of hetrazan hydrochloride. During the experiments 
ll the subjects carried on with their normal activities and diets, but took no 
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“1G. 2.—Response to dose of 10 mg. hetrazan per kg. body weight. Abscissae and ordinates as in 
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Effect of a single dose 


In two subjects a dose equivalent to 6 mg. base/kg. body weight was given 
Less than | ug./ml. base could be detected in the blood. Urinary excretion starte: 
almost at once and reached a steady rate of 4-5 mg./hr. after a few hours (Fig. 1A, B 
There were no toxic effects. 

In four subjects, a dose of 10 mg./kg. body weight was given. In all of them 
the blood level rose appreciably. over several hours, reaching maximum values o 
4-8 y»g./ml. (Fig. 2A, B, C, D). Urinary excretion started quickly and, after a fev 
hours, a fairly steady rate of excretion of 4-8 mg./hr. was established, although on 

case (Fig. 2D) showed a rate of 24 mg./hr. Th 




















drug could be detected in the urine for 2-3 day: 
8 after administration and in the blood for at leasi 
Ss 1smekg. / one day after (Fig. 2B, C). About 20 per cent of 
‘a 4 / the ingested dose could be accounted for in the 
7 » BLOOD urine. The only untoward effects produced were 
. rd slight nausea and lassitude. 
5S - In one case, a dose of 15 mg./kg. body weight 
= 0 was given. Blood and urine were collected hourly, 
=. | 2 3 __4Hours but the experiment was discontinued after three 
= 6 777) Yj (RINE hours because of the intense nausea, headache, 
= / od tf and lassitude experienced by the subject. After a 
. VN IV further two hours, he vomited and was not fully 
° YN 4 recovered until about 10 hours after taking the 
Y 4 A drug. At the end of two hours the blood level of 
LA L at hetrazan had reached 8.2 y»g./ml. and it is very 
ao . probable that it rose to much higher levels later. 
Fic. 3.— ; Urinary excretion of the drug was between 4 and 
1G. 3. —Response to dose of 15 mg. : 
per kg. body weight. 7 mg./hr. (Fig. 3). 


Effect of repeated doses 


In four subjects, 250 mg. hetrazan hydrochloride, equivalent to about 3 mg./kg 
body weight, were given by mouth at 12-hour intervals for five days. During the 
experiment, a blood sample was taken 24 to 3 hours after the morning dose and 
24 hour urine samples collected as far as possible. For three or four days after the 
last dose of hetrazan, blood samples were taken at the same time as before and 
samples of urine collected over a measured time. The subjects carried on with 
their normal routine, but avoided medicines, during the period of observation 
(Fig. 4A, B, C, D). 

In general, there was little change in the blood level on the first day, after 
which it rose to a maximum of 3-5 -g./ml. on the third or fourth day. Hetrazon 
could be detected in the blood for about two days after the drug was stopped. 
the urine, a steady rate of excretion of 4-6 mg./hr. was set up during the period 
administration and for the first day after this. Excretion continued at a diminish 
rate for a further 2-3 days. The total amount of hetrazan excreted was abi 
30 per cent of the ingested dose. No toxic effects were noted during the experime 
apart from slight lassitude. 
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FiG. 4.—Response to repeated doses of 3 mg. per kg. body weight. Abscissae: Time in days. 


Ordinates: as before. 


Conclusions 


These results suggest that a single dose of hetrazan produces a maximum blood 
‘vel in 2-3 hours and that a dose of about 10 mg./kg. body weight is required to 
ive a blood level of 3-5 »g./ml. at this time. In one subject a level of probably 
ver 9 »g./ml. was associated with nausea and malaise. Africans undergoing treat- 
lent with hetrazan for filariasis seem able to tolerate higher blood levels without 
iarked discomfort (Hawking, private communication). 

Repeated doses lead to an accumulation of the drug in the blood. This may 

related to the fairly steady rate of excretion in the urine, which seems to be 
dependent of the dose within the range tried. The highest blood level determined 
/ the author was 15 y»g./ml. in an African who had had 500 mg. of the hydro- 
iloride twice daily for two days preceding the taking of the blood sample. The 
ood was taken after the morning dose on the third day (blood sample sent by 
r mail). 


SUMMARY 


1. A method is described for determining hetrazan levels in blood and urine. 

2. The levels of hetrazan in blood and urine are described in seven subjects who 
nad a single dose and in four subjects who had repeated doses. 

3. Administration of a single dose of 10 mg./kg. body weight results in a 
naximum blood level of 3-5 ug./ml. 
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4. Administration of 3 mg./kg. body weight twice daily for five days results ir 
a maximum blood level of 3—5 ug./ml. 
5. About 30 per cent of the drug is excreted in the urine. 


The author wishes to express his indebtedness to Dr. F. Hawking, of the Medica 
Research Council, for suggesting the problem, and for his continued interest anc 
encouragement during the investigation. He also wishes to thank the seven volunteers 
who underwent the discomforts of repeated venepuncture, for their co-operation. 
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This paper describes an investigation of the antifilarial action of hetrazan in 
experimental animals, with special reference to the mechanism underlying its action. 
A preliminary communication on the work was given by Hawking, Sewell, and 
Thurston (1948). 


Hetrazan is— 






1-diethylcarbamy]-4-methylpiperazine 
CH,—CH: C,H; 











CH, N—CO.N 
/ 


CH,— CH, GH, 

The antifilarial action of hetrazan was discovered and described by Hewitt, Kushner, 
Stewart, White, Wallace, and SubbaRow (1947) working with cotton rats infected 
with Litomosoides carinii, and its action on human filariasis due to W. bancrofti 
was shown by Santiago-Stevenson, Oliver-Gonzalez, and Hewitt (1947). The present 
experiments were carried out on cotton rats bred at this Institute and infected with 
Litomosoides by the methods described by Hawking and Sewell (1948). The hetrazan 
used was the dihydrogen citrate, kindly supplied by American Cyanamid Co., and 
ill doses refer to this salt. Microfilaria counts were made by spreading 5 to 
0 cu.mm. of blood on a slide to form a thick film, dehaemoglobinizing in water, 
ixing in alcohol, and staining with hot haemalum or with Giemsa’s stain ; the 
nicrofilariae were then counted under the microscope. 



















Preliminary experiments in vivo 


Infected cotton rats were given hetrazan by intraperitoneal injection according 
) the schedules shown in Table I and daily counts were made of the microfilariae 
1 the blood taken from the ail. The rats were treated about seventy days after 
ifection ; during the next month untreated rats usually show a gradual increase 
n the microfilaria count. According to Harned et al. (1948) the LDS0 of hetrazan 
hydrochloride when given intraperitoneally to rats is 465 mg./kg. In our experi- 
nents single intraperitoneal doses of 500 mg. of the citrate per kg. or hourly doses 
00 mg./kg. usually caused prostration for 4-1 hour after each injection ; repetition 
of the 500 mg./kg. dose after one day sometimes caused death, but 250 mg./kg. 
twice daily was well tolerated. The effect on the number of microfilariae in the 
blood varied considerably in different animals so that precise quantitative results 
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vere hardly obtainable. Single doses greater than 5O mg. per kg. usually caused 
_ marked diminution of the microfilaria count which often passed off after 4-8 days. 
smaller doses were less effective, but daily doses as low as 1—5 mg. exerted a recog- 
\izable action. Twice daily doses were probably more effective than once daily 
mes. The higher doses (above 50 mg. daily) produced considerable falls in the 
nicrofilaria count, but even these did not remove all microfilariae from the blood 
rf prevent their increase again after the treatment had ceased. Similar results were 
obtained when five rats were given an intensive dosage of 1,100 mg./kg. during 
nine hours. Numerous living microfilariae were found in the pleural cavities at 
post mortém. No attempt was made in these preliminary studies accurately to 
count the number of adult worms found at autopsy, and the females were accorded 
more attention than the males; consequently the results shown in Table I are 
qualitative rather than quantitative. They are enough, however, to show that hetrazan 
in these dosages had exerted little action upon most of the adult worms. Only 
| out of 160 recorded male worms was dead, and only 19 of about 500 females 
(worms from dead rats are excluded). Further work on adult worms will be 
described below. 


ANALYSIS OF THE ACTION OF HETRAZAN ON MICROFILARIAE 


Action in vitro.—Microfilariae from citrated heart blood were washed in saline by 
repeated centrifugation (the upper layers of sediment contained the microfilariae) ; the 
microfilariae, so isolated, were washed in Tyrode solution and resuspended in this fluid 
at a concentration of 20,000 to 100,000 per c.c., so that inoculation of 0.005 c.c. of 
the suspension into 0.1 c.c. of medium in an observation vessel involved the addition 
of 100 to 500 organisms. The use of distilled water or of detergents as haemolytic 
agents in the isolation of microfilariae was distinctly harmful to them. The observation 
vessels were blown from Pyrex glass tubing of 4 to 5 mm. bore to a shape somewhat 
like a Carrel flask, being hemispherical, with flat bases and open oblique side arms ; 
they were wide enough for 0.1 c.c. of liquid to lie on the floor of the vessel without 
the formation of a bubble against the roof. Fluids were introduced through Wright's 
pipettes of various sizes, and the side arms were closed with sealing-wax. Sterile 
precautions were used throughout. Méicrofilariae in the observation vessels were studied 
hrough an inverted microscope. Several fluids were examined to determine how long 
nicrofilariae would live in them. Only those which contained serum were satisfactory, 
sut no distinction could be made between the sera of cotton rat, white rat, rabbit. 
nd horse. The best diluent was Tyrode solution, and the best serum/diluent ratio 
vas 20/80. White rat serum and Tyrode solution were subsequently used in all 
xperiments. 

The results of three experiments are summarized in Table II. Briefly, hetrazan 
n high concentration (4 mg. per ml.) had no effect on the survival of microfilariae 
n vitro, and sera taken from rats 4-2 hours after they had received the maximum 
olerated dose of hetrazan were also ineffective. It was concluded that the in vivo 
iction of hetrazan against microfilariae is not due to any direct lethal action of the 
lrug itself or of any hypothetical derivative in the body. 


_ Speed of action of hetrazan.—The preliminary studies showed that many micro- 
‘ilariae disappeared from the blood very rapidly after the intraperitoneal injection 
of hetrazan, e.g., Fig. 6A. Passage of drug from the peritoneal cavity into the blood 
occupies an unknown amount of time and therefore further investigations were made 
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TABLE II 
SURVIVAL OF MICROFILARIAE in vitro AT 37° C. IN THE PRESENCE OF HETRAZAN 





Survival of microfilariae in hours 












































Drug or serum* | Concentration Experiment 
| concn aes —_ =— 
Hetrazan .. | 4.0 mg. per ml 40 
| 20,, 2 40 
| Sad se a | 40 
1.0 99 ” 50 

; Or aS 70 40 
| a2... a 50 40 

| 0.1 ’> %° 35 30 

0.05 ,, a 50 50 
Serum after } hour . 7 50 per cent 4 64 
0 %° ’°> 25 40 
10 %° %° 25 40 
Serum after 1 hour .. | 64 
2D iw 25 | 23 
eee | 25 87 

Serum after 2 hours | c: ae 25 25 

| anne 50 25 
Controls i ai " No drug 30 30 52 





* The sera were taken from white rats which were killed at 4-2 hours after they had been treated 
intraperitoneally with hetrazan 500 mg. per kg. 


by intravenous injection. The rat was anaesthetized by tribromoethanol or pento- 
barbitone and injections were made into the jugular vein which was exposed in the 
neck, the dose being 60 mg. per kg. in a volume of 0.25 c.c. A typical result is given 
in Fig. 1, which shows that hetrazan acts with remarkable rapidity, removing 80 per 


Mf-percent i HETRAZAN 


100 





Fic. 1.— Disappearance ol 
80} microfilariae from the 
blood when hetrazan (60 
mg. per kg.) is injected 
60+ intravenously. The num 
ber of microfilariae | 
given aS a percentage 0 














40; the number _ initial! 
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cu.mm. 
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-ent of the microfilariae from the blood within one minute and 95 per cent within 
wo minutes. In spite of this extremely rapid onset, however, the fall in the micro- 
ilaria count does not proceed to zero, but continues fluctuating about the 5 per cent 
evel, with a slight tendency to rise again; the reason for this persistence and 
subsequent rise again is probably the migration of fresh microfilariae from the 
oleural cavities into the blood. 


Hetrazan in absence of living adult worms.—An experiment was planned to 
exclude any disturbing influence due to the presence of living adult worms and to 
see whether the action of hetrazan was affected by the age of the microfilariae. 
A group of infected rats was treated with 500 mg. pentostam per kg. daily for 
five days in order to kill the adult worms. These rats were taken in pairs after 
various intervals, hetrazan was injected intraperitoneally, and the microfilaria count 
was studied in blood from the tail. Forty-eight or seventy-two hours later the rats 
were killed and autopsied. The curves showing the response of the microfilariae 
in these rats to hetrazan are shown in Fig. 2 ; for those of two normal control rats 
see Fig. 6A. The microfilariae in rats 1386 and 1388 were 47 days older than those 
in rats 1373 and 1374. Actually the shapes of the curves in the two Figures are 
not significantly different ; and although the blood of rats 1386 and 1388 was made 
microfilariae-free by a single injection of hetrazan, while that of 1373 and 1374 
required several injections, this difference may be due to the fewer numbers in the 
blood when hetrazan treatment was first begun. In the two rats (1373 and 1374) 
treated with hetrazan four days after pentostam the pleural cavities contained many 
microfilariae (3,000—6,000 per 10 cu.mm.) although the adult worms had all been 
killed by the pentostam ; the tail blood in both rats was free from microfilariae, but 
the blood of the right ventricle contained 0 and 2 Mf. per 10 cu.mm. respectively, 
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G. 2.—Effect of hetrazan upon microfilariae in rats previously treated with pentostam. The 
vertical scale shows the number of microfilariae in the blood as a percentage of its level before 
treatment. The arrows show the times when hetrazan (250 mg./kg.) was injected intraperi- 
toneally. (A) Rats treated 4 days after the last dose of pentostam. Rat 1373, 306 microfilariae 
per 10cu.mm. (continuous line); rat 1374, 684 Mf. per 10 cu.mm. (broken line). (B) Rats treated 
51 days after pentostam. Rat 1386, 28 Mf. per 10 cu.mm. (continuous line); rat 1388, 58 Mf. 
per 10 cu.mm. (broken line). 
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while that of the left ventricle contained 4 and 15 Mf. per 10 cu.mm. In the two 
rats (1386 and 1388) treated with hetrazan 51 days after pentostam the pleural fluid 
contained only a few microfilariae (about 20 per 10 cu.mm.) and the blood from both 
tail and heart contained none. These findings show that in rats whose blood has 
been freed from microfilariae by hetrazan there still persists a store of living parasites 
in the pleural cavity, whence they migrate through the lung into the blood stream 
(as can be seen in histological sections of the lung, and as is further illustrated by 
the microfilaria content of blood in the left ventricle being higher than that of the 
right). Microfilariae from this store in the pleura constantly replenish those in the 
circulating blood ; so that although hetrazan rapidly decimates the microfilariae in 
the blood, repeated dosage is necessary to abolish them completely, and they often 
return quite speedily. 


Distribution of microfilariae in tissues before and after hetrazan 


Different organs were examined histologically in order to find what had happened 
to the microfilariae which had disappeared from the blood; for microfilariae are 
comparatively large parasites which can be traced with relative ease. For this purpose 
rats were treated with hetrazan intraperitoneally (250 mg. per kg.) and killed at various 
intervals. Blood (10 cu.mm.) was taken from the tail before and after treatment for 
counting the microfilariae. When the thorax was opened, the adult worms were removed 
from the pleurae and a drop of pleural fluid was examined for microfilariae, which 
were always very numerous, e.g., 5-10 thousand per 10 cu.mm. A small incision 
was then made into each ventricle in turn and a haemoglobin pipette inserted in order 
to remove 10 cu.mm. blood for counting; this procedure may have allowed con- 
tamination from the pleural fluid and so yielded too high counts. In later experiments a 
ligature was placed round the base of the heart, which was then excised and washed 
in saline ; blood was then obtained from each ventricle by piercing the wall with-a fine 
Pasteur pipette. The organs were removed, weighed, and fixed in formol saline. 
The volume of the lungs was estimated by immersing them (before fixation) in a 
measuring cylinder of Ringer’s fluid. The organs were sectioned and stained with 
haemotoxylin and eosin. The sections were searched systematically at a magnification 
of approximately 700 and the number of microfilariae was counted. Usually about 
30-40 sq.mm. of section were examined, but in important cases this area was more 
than doubled. The count included only the microfilariae which were in the capillaries 
(or tissues) of the organs; microfilariae lying in the blood vessels (other than minute 
venules) were excluded and considered to belong to the number present in the circulating 
blood. If two fragments of microfilariae were scen near each other they were interpreted 
as parts of a single worm and counted as one. In the tissues a few worms were some- 
times difficult to identify ; they formed only a small minority and were counted as half. 
When microfilariae are counted in a section the count consists mostly of portions o/ 
microfilariae which lie parallel or oblique to the plane of the section; microfilariac 
which are perpendicular to the section cannot be easily distinguished from nuclei and 
they were not included in the counts of either organs or blood clot. This technique 
assumes that microfilariae are orientated at random in blood clot and tissues; this is 
true of most tissues, but it might not hold for striated muscle or for the medulla o! 
the kidney, where most of the capillaries are parallel to each other ; such tissues wer¢ 
sectioned in the plane of the capillaries. The area of the section was determined b' 
projecting its magnified image on to squared paper, and measuring the area of th 
latter by weighing. In this way the number of microfilariae per unit area was obtained 
This was converted into microfilariae per unit volume by the following empirical methoc 
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Blood was taken from the heart of a heavily infected rat and placed in a small 
\ axed paper box about 1 cm. cubed ; 20 cu.mm. samples were taken to form thick 
{ims for counting the microfilariae. The remainder of the blood was allowed to clot 
<ightly and it was then fixed in corrosive sublimate plus acetic acid, or formol saline. 
‘the clot was embedded in paraffin and cut for histological section on four different 
parallel and vertical planes. The sections were stained with haematoxylin and eosin 
and the microfilariae were counted as in the sections of tissue above. 


In the first experiment the counts of the blood films showed 1,605, 1,630, 1,716, 
and 1,780 Mf. per 20 cu.mm. ; average 1,680. The microfilariae counted in four 
cross sections were: 52, 50, 54, and 71 Mf. per 31 sq.mm. ; average 56.7 Mf. In 
the second experiment, the average number of microfilariae per 20 cu.mm. blood 
was 1,070, and the average number in a section of clot was 229 per 100 sq.mm. If 
x Mf. per 100 sq.mm. corresponds to y Mf. per 100 cumm. Then a x Mf. per 


100 sq.mm. corresponds to a y Mf. per 100 cu.mm: Then in the first experiment 


a Mf. per 100 sq.mm. corresponds to 3.29 a? Mf. per 100 cu.mm. and in the 
second experiment 


a Mf. per 100 sq.mm. corresponds to 4.90 a2 Mf. per 100 cumm. The 
average of these two estimates is that 


a Mf. per 100 sq.mm. corresponds to 4.20 a? Mf. per 100 cu.mm. and this 
conversion figure has been used in the ensuing calculations. 


The distribution of microfilariae in the different organs before and after hetrazan 
treatment is shown in Table III, which summarizes the findings in 4 untreated rats 
and in 21 treated rats. The microfilariae in the organs are given as the number per 
'00 square millimetres of a section ; this can be converted into microfilariae per 
‘00 cubic millimetres by using the conversion factor just described. The data will 
be considered from several aspects. 


(a) The distribution of microfilariae in untreated rats—The figures for the four 
treated rats have been analysed further in Table IV, which gives the volumes of 

> different organs, the absolute number of microfilariae in each, and the percentage 
the total number of the body in each site. (Although the microfilariae in the 
p‘cural cavity are very numerous (5—10 thousand per cu.mm.) they have not been 
luded in these calculations, since they are considered as not yet having entered 
) the general circulation.) The estimates of the different quantities are only 
proximate, but they are sufficient for the present purpose. The average figures 
untreated rats show that about 63 per cent of the total microfilariae are in the 
od, 30 per cent are in the lungs, 2.6 per cent each in the liver and kidney, and 
ignificant amounts in the other organs (except possibly muscle and skin). The 
mbers present in the skeletal muscles (average 1.3 per cent) and in the skin ( ? none) 
unfortunately a little uncertain. The density of microfilariae in these organs is 
ry low, so that they are rarely found in sections and cannot be accurately estimated ; 
the other hand, the volumes of the two organs are so large (approximately 45 
d 18 per cent of the total volume of the rat (Donaldson, 1924) ) that even a low 
nsity might account for a large absolute content of parasites. Although no micro- 
ariae were observed in the skin capillaries, presumably some must occur in this 
€ to permit transmission by the insect vector. The microfilarial content of the 
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‘ABLE 
THE DISTRIBUTION OF MICROFILARIAE IN RATS AFTER TR ATMENT 
Each column refers to one rat. The figures in parentheses u der the 

| | l 
Hours after hetrazan; | Control) Control) Control | Control; 0.33 | 1.0 | 10 | 1.25 15) | 1.75 2.25 
eae boner dee: ee we tee 
| | | | 

| | 


| | | 
Rat No.: | 1438 | 1585 | 2970 | F22 | 1616 | F4 | 1684 | 1685 | 1639 | 1645 1644 
| 
| | | | 
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Mf. per 10 cu.mm. blood | 
In life, before hetrazan 920 535 | 753 2,800 187 663 474 200 1,965 1,520 144 
In life, after hetrazan .. 29 85 94 178 465 19 
| 
(0.33) | | (1.0)} (1.0)} (1.3) | (1.25)| (22 
| 
| 
| | 
| | | 
At death, L. ventricle .. | | 2,280 | 4,200 | 51 | 34 | 100 | 188 | 267 | 9,330 | 25 
|) 1,840 | 
R. ventricle .. | \ | 700 | 4,560 | 57 | 59 | 510 | 80 | 509 |} 940 | 2% 
| | | | ‘i, eee . 
Mf. per 100 sq.mm. tissue | | 
Liver : | 
Biopsy before hetrazan | 1.4 44 22 
Autopsy my ae | 20.4 25.4 | 4.7 115.2 18.7 | 494 200.3 | 205 361 | 267 59.2 
| 
| | | | ae. I es 
Bone marrow... | 0 | 11.1 | 394 | 305 | 0 0 | 0 | 64] of 
| | | * 
| | 
Spleen .. 0... | 61] 18 | 16.8 | 96 0 | 53.7 | 54| 62.5 | 71 0 ‘ 
| 
Lung — we win 730 225 | 204 1,700 16.7 | 121 | 46 92 | 19,2 
| | 
P | | - 
Kidney .. “a ms 82.5 25.7 113 71 4.1 5.7 | 3.6 | 14.6 51.4 | 49 10 6 
\ 
} } | 
Heart .. mn «|. Se 9.1 39.1 | 117 5.3 7.6 0 | 31.8 | 0 
| io 
Skeletal muscle . . a 0 4.5 0 2.9 1.5 0 1.9 | 1.1 | 
a a 11.1 2.1 11.6 6.7 | Ga 
Skin 0 0 : 0 0 | | 
————" F 
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AELE Bi] 
R ATMENT B wry HET AZAN, 250 MG. PER KG. INTRAPERITONEALLY 
u der the § microfil: riae in blood ” figures are the hours after treatment. 
7 | | | 
2.25 43 1.45 5.45 5.6 6.17 17.55 | 23.55 | 24.0 | 27.45 | 47.25 | 47.6 48.2 | 72.6 | 72.6 
| 
ie | | | | | 
1644 B ig50 665 F7 F5 1668 1631 1680 1651 | 1682 | 1687 1705 | 1708 | 1676 | 1679 
| 
| | | | | | 
- | | 
144 58 | 1,861 263 120 591 2,651 927 | 93 211 618 | 1,600 320 800 | 255 
| 
19 7 351 368 71 | 274 181 12 23 84 435 58 | 33 | 40 
| | 
) | (2.2 (1.9) 1.2) (2.9) (1.2)} (0.3) (1.2) (2) (1) | (1.1) (1) | (1.)| (5.6)} (5.6) 
5 555 58 411 260 12 43 78 | 50 44 22 | 30 
4.3) 4.4) (6.1) (17.5) (23.5) (22) (27.4) (30) | (29.6) (30) | (23) | (23) 
| | | 
| | 90 | 21) 8 | 19 9 
| | | 
| | | (47.2)| (47.6) | nr 72.6)| (72.6) 
| 
aoe ee: ee Me oe | | | | 
cma — ae | | 
5,310 1,480 99 38 | 3,796 5,421 130 100 652 | 520 117 49 | 400 
920 589 62 37 765 1,443 161 120 90 32 | 6 | 224 | 190 
| | | 
. oe a | | | 
| | | 
| | | | 
| | | 
| | | | | 
241 oo | 44 | 888 | 55 | 98 | 41 | 24 5.1 | 6 0 11 5.7 
| | | 
wea 8 | —— 
| | | | 
0 | 4.2 | | | 
aa . | 
| | | 
4 | | | 12.4 | 47.5 | | | 
a es | | 
| | 
0 | 16 198 | | 
| | 
oh is | a | | | | 
l 6.6 | | 15.1 103 | 26.6 0 | Oo | 384 7.9 3.7 15.8 | 13.4 
| | | 
= a | 
| | | | | 
3.9 | | 7.5 48.8 | 16.2 
at |__| | 
| 0 | 3.8 0 
| 
| ~ | 
2.2 | | | 0 20.4 3.3 
‘ | | | | “ | : 
| 
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TABLE IV 


ANALYSIS OF THE DISTRIBUTION OF MICROFILARIAE IN FOUR UNTREATED RATS AND IN FOUR 
RATS TREATED WITH HETRAZAN; BASED ON TABLE III 





Control rats Treated rats 
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lungs may not be a reliable index to what happens in other animals infected wit! 
filariasis ; in cotton rats, the microfilariae migrate from the pleural cavity throu:! 
the lung to reach the blood, and this migration may make the density in the lu 
higher than would otherwise be the case; all the same it is noteworthy that t 
lungs contain five times as many microfilariae as the other viscera put together, a 
that the density is especially great. 
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(b) Distribution of microfilariae immediately after hetrazan—After the intra- 
yeritoneal injection of hetrazan (250 mg. per kg.) the concentration of microfilariae 
n the blood falls (as expected) but the concentration in the liver increases greatly.* 
[he figures may be analysed in various ways, attention being limited first to the 
rats killed within five hours, i.e., to the immediate effects of hetrazan. The dis- 
iribution of microfilariae between the different parts of the body was calculated for 
four rats killed about one hour after treatment with hetrazan (Table IV). Only 
about 20 per cent of the microfilariae were in the blood, but about 75 per cent 
were in the liver. The percentages in the lungs and kidney fell considerably (to 4 
and 0.2 per cent respectively), parallel with that in the blood. About 1 per cent 
were in skeletal muscle, but none was observed in the skin. Attention may next be 
directed to the three rats (161, 1684, 1685) in which the liver was sampled before 
and after hetrazan. (These rats were anaesthetized with pentobarbitone, a small 
piece of liver was removed by biopsy, hetrazan was then injected, and 20—75 minutes 
later the rat was killed with chloroform and a full autopsy was made.) In rat 
1616, the microfilariae of the blood fell from 187 to 29 per 10 cu.mm., i.e., 158 Mf. 
per 10 cu.mm. blood disappeared or 100,000 Mf. altogether (assuming 6.3 c.c. blood 
per 100 g. rat). The liver content rose from 1.35 Mf. to 18.7 Mf. per 100 sq.mm. 
Since the liver weighed 6.4 g. per 100 g. at autopsy, the total number of microfilariae 
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iG. 3.—The relative concentration of microfilariae in the liver, compared with that in the blood, 
at different times after the intraperitoneal injection of hetrazan (250 mg./kg.); the relative 
concentration in a neutral organ such as the kidney is shown for comparison. The figures 
show the ratio between the number of microfilariae per 100 sq. mm. in the liver or kidney res- 
pectively and the number per 100 cu.mm. in the blood. Each spot indicates the value obtained 
for the liver from one rat and each cross represents a similar value for the kidney. 

*In one rat (F7) hetrazan failed to reduce the microfilariae of the blood, and the relative 

number of microfilariae in the liver did not increase, an accidental but striking illustration of 

the inverse relationship between these two quantities. 
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appearing in the liver was 21,000. Similar calculations show that in rat 1684 (liver, 
2.85 g. per 100 g.) 240,000 Mf. disappeared from the blood and 300,000 Mf. appeared 
in the liver ; and that in rat 1685 (liver 3.34 g. per 100 g.) 67,000 Mf. disappeared 
from the blood and 400,000 Mf. appeared in the liver. These estimates are not very 
accurate, but they are sufficient to show that the number of additional microfilariae 
appearing in the liver can account for those which have disappeared from the blood. 


(c) The concentration of microfilariae in the liver relative to the time after 
hetrazan.—Fig. 3 illustrates the relation between time after the administration of 
hetrazan and the number of microfilariae in the liver, relative to those in the blood 
at death (average of tail blood and blood of R. ventricle). Before hetrazan is given 
the relative content of microfilariae in the liver is very low, but very soon after the 
injection of hetrazan it rises rapidly. According to the curves for the disappearance 
of microfilariae from the blood (Figs. | and 6), the microfilariae must be collected 
in the liver during the first few minutes after the hetrazan reaches the blood stream. 
The figures for the various animals vary greatly, so that it is difficult to say when 
the number in the liver begins to decline ; but it is possible that this begins as early 
as 4-6 hours. By 18~—23 hours the relative number of microfilariae in the liver has 
fallen back to its original level, where it continues for the rest of the period of 
observation (to 72 hours). Since there is no corresponding increase in the micro- 
filaria content of the blood at 18 hours and afterwards, it must be presumed that 
the microfilariae disappearing from the liver after 6 hours have been destroyed. 
Meanwhile, in a presumably passive organ such as the kidney, the microfilaria- 
content, relative to the blood, remains substantially unchanged after treatment with 
hetrazan. The small increase in the ratio (kidney/blood) is probably due to a 
time-lag before the concentration of microfilariae in the kidney adjusts itself to the 
diminished concentration in the blood. 


(d) Histological appearances.—Histological study gives further information about 
the fate of the microfilariae in the liver (see Fig. 4). In untreated rats, the micro- 
filariae lay in the sinusoids of the liver without any cellular reaction around them ; 
they filled the sinusoid completely, but presumably during life they were able to 
work their way through the vessel into the veins. Twenty minutes after hetrazan 
had been given (as judged by rat No. 1391) the number of microfilariae present had 
increased greatly ; they lay in the sinusoids which were closed around them. Pre- 
sumably they were held in some way, but there was no clear histological evidence 
as to the mechanism involved. One hour after treatment many of the microfilariae 
still lay in the sinusoids, without cellular reaction ; but other microfilariae (varying 
from 10-60 per cent of the total number) were partly or completely surrounded by 
phagocytes with oval or kidney-shaped nuclei and extensive cytoplasm stretched out 
along the surface of the parasite ; presumably they were Kupffer cells ; there were 
also a few polymorphs present. In some of the rats killed at 4-6 hours the phagocytes 
round microfilariae formed an extensive cluster, displacing the liver cells ; there were 
also similar foci in which microfilariae could not be discovered ; it was not clear 
whether all these foci were due to microfilariae or whether some of them might have 
been focal necroses due to low grade bacterial infection ; in some of the micro- 
filariae the nuclei were disarranged, suggesting that they were being destroyed. 
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iver, 17 hr. after hetrazan; (E) Spleen, 4.5 hr. after hetrazan; (F) Kidney, untreated rat x 700. 


of the microfilariae have the microfilaria is attacked by 
n destroyed by this time. phagocytes. 


FiG. 4.—Microfilariae in the capillaries of rats, fixed in formol-saline and stained haematoxylin 
and eosin; x 1,250. 


\fter 28 hours, some of the few microfilariae present were surrounded by phagocytes 
nd showed evidence of disintegration ; others lay free in the sinusoids (perhaps these 
ere new microfilariae which had entered the blood stream subsequent to the 
reatment with hetrazan). 


(e) Conclusions.—From all this work, the hypothesis is put forward that hetrazan 
emoves microfilariae from the blood stream by modifying them in some way so that 
iey are held in the liver and there destroyed by phagocytes of the reticulo-endothelial 
ystem. Thus hetrazan would act like an opsonin. In rats, most of the reticulo- 
ndothelial system is collected in the liver (6 per cent of body weight), while the 
pleen (0.3 per cent of body weight) contains a much smaller proportion and the 
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bone marrow probably contains even less. Table IV shows that the spleen of three 
control rats contained on the average about 0.03 per cent of the total microfilariae 
of the body, whereas after hetrazan it contained about 0.07 per cent. According to 
these figures, the spleen does contribute to the removal of microfilariae from the 
blood, but its contribution is so small as to be insignificant. The microfilaria 
content of marrow is irregular but almost always low ; in view of its small volume 
in rats, it is unlikely that it makes any significant contribution to the removal of these 
parasites from the blood. In larger animals or in man the relative importance of 
the various parts of the reticulo-endothelial system might well be quite different. 


Confirmatory experiments.—In view of the above hypothesis, consideration may 
be given to microfilariae lying outside the blood stream. In these rats there are 
large numbers of microfilariae in the pleural cavities, but prolonged treatment with 
hetrazan has no appreciable effect on their motility or on their relation to the cells 
of the pleural exudate. Two infected rats were treated by intrapleural injection of 
hetrazan twice daily (250 mg. per kg.) for 4 doses. The microfilariae in the blood 
stream were reduced to less than 5 per cent of the initial count, as usual. When the 
rats were killed on the third day, the microfilariae (and the adult worms) in the 
pleura were found to be apparently unaffected. These findings confirmed that 
hetrazan has no direct toxic effect on the microfilariae ; apparently the phagocytosis 
of microfilariae after hetrazan involves only the fixed macrophages of the liver, etc., 
and not phagocytes free in the body fluids. 


Systematic experiments with hetrazan plus microfilariae plus leucocytes in vitro 
have not yet been undertaken. Attempts were made to blockade the reticulo- 
endothelial system by the intravenous injection of colloidal copper combined with 
splenectomy. When hetrazan was injected an hour later, the microfilariae dis- 
appeared from the blood at approximately the usual rate. In other experiments 
microfilariae were injected intravenously into mice, with or without previous incuba- 
tion with hetrazan ; in both cases 95 per cent of the microfilariae disappeared from 
the circulating blood in a few minutes, so that this procedure seemed unsuitable for 
demonstrating the action of hetrazan. 


Hetrazan and cataphoresis——Simple experiments were made on the electrical 
charges of microfilariae, with and without hetrazan. The observation vessel was a 
piece of glass tubing 5 cm. long with a right-angle bend at each end opening to a 
short vertical tube about | cm. long, the tube being flattened on the side opposite 
to the vertical extensions. A current of 4 m.amp. at ISV. was passed through this 
cell between potassium chloride-agar electrodes. The microfilariae were suspended 
in the standard serum-Tyrode mixture and left in the cell for ten minutes, in which 
time they had settled on the bottom ; they were then free from the effects of circula- 
tion in the suspending fluid. Normally, they were orientated at random, but afte: 
the current had flowed for ten minutes they all pointed head towards the anode 
this orientation was independent of fluid movements. Reversal of the current com- 
pletely reversed the orientation. As the microfilariae continually wriggled spon 
taneously, this orientation resulted in their gradual migration towards the anode, @' 
a rate of about 0.2 mm. per min. The addition of hetrazan (up to 0.1 per cent) to 
the suspending fluid produced no change in the orientation or rate of migration «! 
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1e microfilariae. There was thus no evidence that hetrazan causes any gross 
teration in their surface potentials. 


Attempts to inhibit the action of hetrazan.—Attempts were made to inhibit the 
1 vivo action of hetrazan by the previous administration of some compound with a 
milar chemical structure, just as p-aminobenzoic acid resembles and inhibits 
ulphanilamide. Rats were inoculated subcutaneously with diethylurea (400 mg. 
per kg.), nicotinamide (2 x 100 mg. per kg.), nicotinic acid (100-250 mg. per kg.), 
iikethamide (2 x 100 mg. per kg.), quinine (200 mg. per kg.), or miracil D (200 mg. 
ver kg.). An hour later, the standard dose of hetrazan (250 mg. per kg.) was injected 
ntraperitoneally and microfilariae counts were made at frequent intervals. In three 
-ontrol rats, the lowest microfilaria counts (expressed as a percentage of the original 
count) during the next five hours were 7.7, 4.5, and 4.9. 


After diethyl urea the count fell to 2 per cent ; 
after nicotinamide, to 9.7, 0, and 6 per cent ; 
after nicotinic acid, to 10, 14, and 23 per cent ; 
after nikethamide, to 14, 7.5, and 7.3 per cent ; 
after quinine, to 6.7 per cent ; 

and after miracil D, to 10 per cent. 
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iG. 5.—The influence of nicotinic acid on the effect of hetrazan upon microfilariae in rats. The 
vertical scale shows the number of microfilariae in the blood as a percentage of its level before 
treatment. The arrow shows the time when hetrazan (250 mg. per kg.) was injected i.p. 
(A) Two control rats. Rat 2514, 2,456 Mf. per10 cu.mm. Rat 2515, 1,265 Mf. per 10 cu.mm. 
(B) Three rats, previously treated with nicotinic acid. Rat 1535, 3,085 Mf. per 10 cu.mm.; 
nicotinic acid, 250 mg./kg. i p. 55 min. earlier; toxic. Rat 1582, 338 Mf. per 10 cu.mm. ; nicotinic 
acid, 150 mg./kg. i.p. 20 min. earlier; toxic. Rat 1586, 510 Mf. per 10 cu.mm.; nicotinic acid, 
100 mg./kg. s.c. 30 and 2 min. earlier. 
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None of these compounds appeared to have any interfering action on hetraza 
except perhaps nicotinic acid. The curves for the microfilaria counts in the ra 
treated with hetrazan, with or without previous nicotinic acid, are shown in Fig. ‘ 
Repetition of this experiment using a small dose (50 mg. per kg.) of hetrazan showc 
no interference by nicotinic acid. 


ACTION OF HETRAZAN ON ADULT WORMS 


In the preliminary in vivo studies, it was found that hetrazan had little obvioi 
effect on the adult worms ; this was investigated further. Sixteen rats were give 
250 mg. hetrazan per kg. twice daily for 14 days and were killed 8 or 28 days aft« 
the last dose. The worms present in the pleural cavities were counted and examine 
for any sign of being attacked by phagocytes. 
controls. The results are shown in Table V. Out of 431 female worms found in th 


TABLE V 
EFFECT OF INTENSIVE TREATMENT WITH HETRAZAN ON ADULT WORMS in vivo 
250 mg. per kg. twice daily for 28 doses, intraperitoneally. Each horizontal line refers to 


Seven untreated rats served «s 
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6 treated rats, 40 (9.3 per cent) were recently dead, while out of 524 female worms 
1 the 8 control rats, 4 (0.76 per cent) were recently dead. (The remains of immature 
ead worms are excluded, since these had died before the drug was given.) The 
lifference between the two groups is Statistically significant (6.5 =S.D), but it is 
‘oubtful whether much weight should be attached to it, especially as 16 out of the 
(0 dead worms occurred in a single rat which had been infected rather longer than 
he others. Accordingly the lethal action of hetrazan on adult female worms seems 
o be slight. The male worms are equally insusceptible. As regards phagocytes, 
our of the female worms from the treated rats and two from the controls had clumps 
of phagocytes adherent to them, as is shown in Fig. 6. These phagocytes were not 
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FiG. 6.—Phagocytes adherent to worms from rats treated with hetrazan, 250 mg./kg. i.p. twice 
daily. (A) Fore part of worm, 2 days after last dose, x 15. (B) Worm from rat killed 8 days 
after last dose, = 15. 


located around a body aperture, e.g., vulva or anus. Since this occurred equally 
rarely in both groups, there is no evidence that hetrazan promotes destruction of 
the adult worms by phagocytosis (as occurs with the microfilariae). 


Very prolonged treatment——Two groups of infected rats were treated with 
1etrazan by mouth for 108 days. For this purpose the hetrazan was dissolved in 
heir drinking water. The estimated daily intake of hetrazan was about 10 mg. 
ind 100 mg. per kg. in the two groups respectively (Table VI). This treatment 
‘aused most of the microfilariae to disappear from the blood, but it did not remove 
hem completely even after 108 days. On the other hand, there is no evidence 
hat the microfilariae became hetrazan-resistant during this period. When the drug 
vas stopped, the microfilariae gradually increased in number again. At autopsy 
nost of the female worms were alive ; the few dead ones discovered were not more 
iumerous than one would expect to find in untreated rats which had been infected 
or so long. 


Adult worms in vitro.—Adult worms were removed from rats with sterile pre- 
-autions and placed in Carrel flasks at 37° C. in a medium consisting of two parts 
l'yrode to one part serum (horse or cotton rat). They lived well and if the medium 
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TABLE VI 
EFFECT OF PROLONGED TREATMENT WITH HETRAZAN ON ADULT WORMS AND MICROFILARIAE i” vivo 
Hetrazan was put into the drinking water. 





Microfilariae per cu.mm. of tail blood | Post mortem findings 
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* No microfilariae in pleural fluid; uteri seemed empty. 


was changed at 3-5 day intervals controls survived for more than 17 days. (In 
peptone water and broth they lived for 3-5 days.) When neutralized hetrazan 
citrate was added the longest periods of survival were: in 500 mg. per 100 ml., 
3 days ; in 200 mg., 5 days; and in 100 mg., 14 days. In 33 per cent serum from 
a white rat treated one and a half hours previously with 250 mg. hetrazan per kg. 
the worms lived up to 13 days. Since these concentrations of drug are much higher 
than those encountered in the body, it is concluded that neither hetrazan nor any 
hypothetical derivative of it in the body has a direct lethal action on the adult worms. 


ACTION ON WorMS IN Mosquito 


Investigations were made to see whether hetrazan has any action upon the 
filarial worm of dogs, Dirofilaria repens, developing in mosquitoes (Anopheles 
maculipennis atroparvus). The strain of D. repens had been kindly supplied by 
Mile. van Hoof, of the Prince Leopold Institute for Tropical Medicine, Antwerp 
Hetrazan was given to the mosquitoes by putting it in the glucose solution on which 
they feed, according to the technique described by Terzian (1947) for testing anti- 
malarials. Preliminary experiments showed that glucose containing | per cen! 
hetrazan was well tolerated. Further experiments showed that D. repens developed 
normally in Anopheles fed throughout on glucose containing | or 0.5 per cen! 
hetrazan ; infective forms were found in the proboscis after 14 days in good healt! 
and in approximately the same numbers as in the control mosquitoes. Apparent) 
hetrazan has no effect on the development of this species of filaria in the insec 
vector. 





MODE OF ACTION OF HETRAZAN 


ACTION ON INFECTIVE LARVAE AND IMMATURE WoRMS 


Cotton rats were exposed to mites (L. bacoti) infected with Litomosoides, accord- 

i g to the standard technique described by Hawking and Sewell (1948). (For this 
irpose the rats are placed for 14 days in tanks containing the mites, and then are 
sored for seven weeks until the worms become mature and microfilariae appear in 
e blood.) Some of the rats in each tank were kept as controls, and some were 
eated with drugs during exposure or during the development of the worms accord- 
ig to the schedules shown in Table VII. Neostam (an antimonial) and the cyanine 
dye, No. 863* (Welch, Peters, Bueding, Valk, and Higashi, 1947), are two drugs 


TABLE VII 
THE EFFECT OF DRUGS UPON THE INITIATION AND DEVELOPMENT OF FILARIAL INFECTIONS 
The rats were exposed to infective mites for 14 days. 





Treatment | No. of rats developing 
| microfilariae/No. of rats 
— - — --— —__—__— exposed to infection 
Drug and dose, 
mg. per kg. 





Start | Frequency | Treated Controls 


| 





continued till 2 days | days Cyanine No. 863, 0.1| 
after last | Neostam, 160 








3/3 
0/4 
2/2 


i 


| 5.5 days 


4 days after first exposure; | Daily for 12 | Hetrazan, 500 0/2 


} 

| 

nil nail | 

days after last exposure | Twice daily for | Hetrazan, 500 | 





+ days after last exposure | Daily for 6 days | Hetrazan, 250 | 
| Cyanine No. 863, 0.1) 








28 days after last exposure _ Daily for 6 days | Cyanine No. 863, 0.1) 
| } | 


+ The 5 rats without microfilariae harboured female worms but no males. 








vhich are known to kill the adult worms in vivo. The large doses of hetrazan killed 
ome of the rats in the initial group, and these have been excluded from the Table. 
letrazan given during exposure to the mites prevented microfilariae appearing in 
vo rats, which suggests that it acts upon the infective larvae ; but only two rats 
ere studied and unfortunately they were not killed for examination at the end to 
ce whether sterile worms were present. Hetrazan given at 6 or 14 days after exposure 
) mites failed to prevent microfilariae appearing in 6 of 11 rats. The five rats 
ithout microfilariae were found at autopsy to harbour only female worms with 
umerous undeveloped and degenerating ova in the uteri. Apparently hetrazan 
oes not prevent the female worms developing, once the infective larvae have settled 
wn in the host, but it may have a selective action upon the development of the 
ales. 
The cyanine dye did not protect rats when administered during exposure or from 
lurteen days after exposure, but it protected two rats when given twenty-eight days 
{ter exposure ; apparently it acts on the mature or almost mature worms but not 


*|ethyl-3,6-dimethyl-2-phenyl-4-pyrimido-2’-cyanine chloride. 
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on the immature ones. Neostam protected rats when given during exposure ; appa 
ently it acts on the infective larvae as well as on the adult worms. The number . 
rats used in some of these groups is too small for the results to be conclusi\ 
Further investigations are planned. 


DISCUSSION 


The antifilarial action of hetrazan may best be discussed separately for ea: ) 
stage in the life history of the worm. Briefly, it has a pronounced action in vi) » 
on the microfilariae, only a slight action on the adult worms, and no action on the 
developmental stages in the mosquito, while its action on the infective forms an | 
early stages in the rat is not quite certain. 


Microfilariae.—As shown above hetrazan has no significant lethal action in vitro, 
but in vivo it causes them to disappear rapidly from the blood. This is associated 
with the accumulation of microfilariae in the liver (and to a minor degree, in the 
spleen and marrow) where they are destroyed by phagocytes. Normally, micro- 
filariae are so well adapted to their habitat in the vertebrate host that they apparent!) 
excite no significant humoral or cellular action. In some way hetrazan alters this 
harmonious adaptation, and they are then removed from the blood by the norma! 
mechanisms for dealing with foreign bodies in this fluid. The alteration produced 
by hetrazan is still obscure. In some respects it resembles the effect of specific 
immune serum upon bacteria, promoting their phagocytosis, i.e., opsonization ; but 
probably this analogy should not be pressed far. Such a mode of action is almost 
unknown in chemotherapy with the one exception of suramin (Bayer 205, Antrypol). 
According to Jancs6 and Jancsé (1934) this compound acts by sensitizing trypano- 
somes so that they are destroyed by phagocytes of the reticulo-endothelial system ; 
if this system is “ blocked ” by splenectomy and the intravenous injection of colloida! 
copper, the efficacy of suramin is much diminished. As mentioned above no great 
success attended attempts to repeat this type of experiment with hetrazan and rats 
infected with filariasis. 

Hewitt et al. (1947) state that hetrazan has an in vitro action upon the microfilariae 
of Folyella dolichoptera of frogs, causing first contraction and then immobility. 
Nothing like this was seen with the microfilariae of Litomosoides during the presen' 
work, and it seems unlikely that this is the way hetrazan destroys microfilariae in vivo 


Adult worms.—According to the results described above, hetrazan has no dis 
cernible effect upon adult worms in vitro ; in vivo an intensive course of hetraza 
killed 9.3 per cent of 431 female worms, while in the control untreated animals on! 
0.76 per cent of 524 female worms were dead. The difference between these two 
groups is statistically significant, so that it must be concluded that hetrazan probab! 
does have a slight lethal action on adult females in vivo ; but the action is so sma!! 
compared with that of antimonials, arsenicals, and cyanine compounds that it 
unlikely to be of any practical importance. According to our experience with oth: 
compounds, the male worms are less susceptible to chemotherapy than the female 
and this holds for hetrazan also within its very limited range. In the group of ra ; 
under intensive treatment (Table V), only 2.3 per cent of 170 male worms were dea. . 
as compared with 9.3 per cent of 431 females. No evidence could be obtained th 
hetrazan promoted phagocytic action. Hewitt et al. (1947) report the finding « f 
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m ny dead worms in rats which had been treated with hetrazan and then held for 
o\-r 70 days before autopsy. They worked with wild rats which had been infected 
fo an unknown period before capture, and the dead worms which they found had 
pr bably been killed by the immunity of the host as often happens in ageing 
in'ections. These authors also treated dogs infected with Dirofilaria immitis ; living 
worms were present in all the 10 dogs in which adult worms were found at all ; 
apparently hetrazan is not very effective in killing the adult worms of D. immitis 
either. 


Infective larvae and immature worms.—Unfortunately our experimental results 
on this subject are too few to be conclusive. They suggest that hetrazan destroys the 
infective larvae when they invade the rat, but that it has much less action on the 
immature worms after they have established themselves in the rat for a few days. 
Our results also suggest that immature males are more susceptible than immature 
females, which is in contrast to our experience with adult worms. Further 
investigation is planned. 


Development in the mosquito.—Apparently hetrazan has no action in preventing 
the development of Dirofilaria repens of the dog in mosquitoes. If hetrazan acts (as 
suggested) by promoting phagocytosis, this is what would have been expected. 


SUMMARY 


|. The antifilarial action of hetrazan (1-diethylcarbamyl-4-methylpiperazine) was 
investigated in cotton rats infected with Litomosoides carinii. It is very effective in 
removing microfilariae from the blood ; this action is very rapid, 80 per cent of the 


microfilariae being removed in one minute. 


2. The age of the microfilariae did not affect their response. In cotton rats there 

a store of microfilariae in the pleural cavity, which are not affected by hetrazan ; 

‘ese migrate through the lung into the blood and replenish the number of micro- 

!\'arlae in the blood when it has been reduced by hetrazan. This explains why single 
ses of hetrazan do not clear the blood completely. 


3. Hetrazan has no lethal action on microfilariae in vitro at 37° C., and serum 
m an animal treated with hetrazan is also inactive. 


4. A study was made of the distribution of microfilariae throughout the body. 
untreated cotton rats about 63 per cent are in the circulating blood, 30 per cent 
the capillaries of the lungs, and 2.6 per cent each in those of the liver and of the 
iney. Soon after the administration of hetrazan, almost 75 per cent of the micro- 
riae are in the capillaries of the liver, while only about 20 per cent are in the 
od and 4 per cent in the capillaries of the lung. The number of microfilariae accu- 
lating in the liver is enough to account for those which disappear from the blood. 
‘er (after 6-18 hours) the number of microfilariae in the liver diminishes, appar- 
ly because the parasites have been destroyed. Histologically the microfilariae 
lected in the liver capillaries are soon surrounded by phagocytes which apparently 
troy them. It is concluded that hetrazan acts on the microfilariae in vivo by 
\difying them so that they are held in the liver and there destroyed by phagocytes 
the reticulo-endothelial system; thus to some extent hetrazan resembles an 
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opsonin. Trifling numbers of microfilariae are destroyed in the spleen. Méicro- 
filariae which lie outside the blood stream, e.g., in the pleural cavities, are no 
destroyed by hetrazan. 

5. Hetrazan does not affect the surface electrical potentials of microfilariae. | 
was not possible to inhibit the action of hetrazan by compounds of similar chemica 
structure, apart from doubtful inhibition observed after the previous administratio: 
of nicotinic acid. 

6. On adult worms in vivo hetrazan has only an insignificant lethal effect. It doc 
not promote the phagocytosis of adult worms. Prolonged exposure (108 days) t 
hetrazan did not destroy the adult worms; and there was no evidence that th 
microfilariae became resistant to hetrazan during this period. Adult worms in vitr: 
are not affected by hetrazan or by its metabolic derivatives. 

7. Worms (Dirofilaria repens) developing in the mosquito are not affected b) 
hetrazan. Some evidence was obtained that infective larvae (L. carinii) are destroyed 
by hetrazan. Immature female worms are not affected in vivo, but there may be « 
selective action on the immature male worms. A cyanine dye acted on the mature 
or almost mature worms but not on the earlier stages. Neostam destroyed worms 
in any of the stages in the rat. 


Grateful acknowledgments are due to Mr. R. Rhodes Jones, Mr. D. Garlick, and 
Miss D. Ryder for technical assistance ; to Mr. F. Higginson for histological prepara- 
tions; to Mr. M. R. Young, A.R.M.S., for photography, and to Dr. R. I. Hewitt and 
the Lederle Division of American Cyanamid Co. for supplies of hetrazan and fo: 
information prior to publication. 
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This paper describes an investigation of compounds for their chemotherapeutic 
action on experimental filariasis due to Litomosoides carinii in the cotton rat, 
Sigmodon hispidus. Attention was drawn by Culbertson and Rose (1944) to the 
value of rats naturally infected with Litomosoides for experiments on filariasis, 
and the transmission by the tropical rat mite, Liponyssus bacoti, was demonstrated 
by Williams and Brown (1945) and by Scott (1946). The method used in the 
|_ederle Laboratories for testing drugs against naturally acquired filarial infections 
in cotton rats have been described by Hewitt, Wallace, White, and SubbaRow 
(1947). Early in 1946, a colony of rats infected with Litomosoides was established 
in this Institute, and this has supplied the animals for the present work, which is 
believed to be the first large scale search for antifilarial remedies which has been 
made with cotton rats infected in the laboratory. 


METHODS 


Infection and maintenance of rats —The procedures for propagating the L. carinii 
nfection in cotton rats have already been described in a previous paper (Hawking and 
ewell, 1948). Briefly, tanks were set up with entomologically pure colonies of Liponyssus 
acoti, on a sub-stratum of plaster-of-Paris and sawdust. The mites were infected with 
he larval stages of Litomosoides carinii by allowing them to feed on several cotton rats 
‘hich had numerous microfilariae in their peripheral blood. The infected rats were 
en removed and recently weaned rats were placed in the tanks for a period of 14 days. 
he rats were then freed of mites and removed to a storage room for the incubation 
eriod of about fifty days. Smears of tail blood were made weekly during the sixth to 
inth weeks of storage. Those rats which failed to show microfilariae in their blood 
t the fourth examination were exposed to infection a second time. The following notes 
escribe our further experience since the publication of the previous paper. 

In the last two and a half years approximately 2,500 cotton rats have been exposed 
1 infection tanks, and of these roughly 80 per cent have been found to have micro- 
lariae in their peripheral blood after the first exposure. A more detailed analysis can 
e made for the period between January, 1948, and March, 1949, during which time 781 
its were exposed: of these, 121 (15 per cent) died before the termination of the 
ncubation period ; 576 (74 per cent) were subsequently found to be infected, while 84 

(11 per cent) did not show microfilariae for three months after removal from the tanks. 
if the number of deaths be subtracted from the number exposed, the net percentage 
infected was 87. Excluding deaths, the percentage of rats infected was not related to 
the season of the year. Neither the percentage of rats infected nor the average worm- 
load per rat in each batch was related to the number of rats in that batch, but this 
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may have been influenced by the fact that the number of rats in each batch was regulate: 
by appraisal of the number of mites present in the tank which was to contain it. Wher 
the percentage of infected rats in a batch was lower than 80, the average number o 
female worms per rat was four or less. Higher average counts of worms were no 
invariably associated with infection of all the rats in a batch, however. Most batche 
of rats showed averages of five to six female worms per rat. 

The earliest appearances of microfilariae in the blood occurred between fifty-six 1 
fifty-nine days after the rats had been first put into the infection tanks. The longe 
period for which an infected rat failed to show microfilariae was sixty-four days, aft: 
its removal from the tank. Allowance having been made for the spread of fourtee 
days during which the rats were exposed to infection, it would appear that an interval « 
fifty-six to sixty-four days must elapse between the day a rat is infected and the fir: 
day when microfilariae can be detected in its blood. 

Spontaneous disappearance of microfilariae from the blood has been observed in onl; 
four rats, and it did not occur before 100 days of patent infection. In two of thes: 
rats, no microfilariae were found in the pleural exudate, although there were two and 
six female worms respectively ; in the other two, living microfilariae were abundant in 
the pleural exudate and there were three and eight female worms. No accurate figures 
have been obtained as to the number of male worms present in most of the rats 
examined ; where complete counts have been made the males have roughly equalled 
the females in number. 

Dead adult worms have occasionally been found in otherwise normal rats with ageing 
infections, but except where very few worms were present, these formed only a small 
proportion of the total. On the other hand evidence of the spontaneous death of a small 
number of immature worms was found in most infected rats. Usually a small, pale- 
yellow mass 1-3 mm. in diameter was discovered free in the pleural cavity ; usually there 
was only one in each of the pleural cavities and a third in the mediastinum. When 
such a mass was squashed under a cover-slip and examined microscopically the remains 
of the cuticle of some very small worms were revealed. These are assumed to have been 
portions of immature worms which died in the first weeks after infection of the rat, 
possibly at the time of their fourth moult. Where the infection had been of short 
duration the mass was soft, being composed largely of phagocytes. In older infections 
there was a progressive hardening of this mass, so that in the oldest it was a smooth, 
spherical nodule with no recognizable contents. 


Mortality of cotton rats—The deaths among our rats were commoner in the cold 
than in the warm months of the year. Many of them were probably due to a virus 
infection. On one occasion transport of some rats by rail in cold weather precipitated 
an outbreak of latent infection. Many rats died after exposure to mites, and signs of an 
infection were found in most of them at post-mortem examination. In the acute form 
this intercurrent infection was characterized by general wasting, nasal discharge, diarrhoea 
and loss of appetite. At autopsy the intestines were usually flaccid, almost empty o 
food but filled with mucus and frequently tinted with bile pigments. In some anima! 
the intestinal wall was inflamed. The spleen was always extremely small, perhaps on¢ 
fifth of its normal size ; the liver was pale or patchy in colour, and presented a roug! 
surface. At other times, what is thought to have been a milder form of this disea: 
occurred sporadically. The gross pathological findings were similar to those of the acu 
form, but they were less pronounced, and death was usually attributable to pneumon 
or left auricular thrombosis ; in neither was the causative organism found by histologic | 
or bacteriological examination. It has been possible to prevent the spread of this disea: 
among rats stored in the laboratory by rigorous attention to cleanliness and by destru: - 
tion of all insects, particularly houseflies, cockroaches, and bed-bugs. It has frequen’ y 





CHEMOTHERAPY OF FILARIASIS 241 


‘2n noticed that the presence of houseflies in moderate numbers has been attended by 
: outbreak of this disease. 

Pugnacity among the rats has also been the cause of many deaths. When males 
re present in a batch it was not unusual to find one or two of the rats badly mutilated. 
ichobenzoar (hairball) frequently occurs in cotton rats fed on a synthetic diet (as noted 

Howell et al., 1948), and it is often fatal. When some of the rats in this laboratory 
‘d of it, the others were given greenstuff regularly and no further deaths from this 

ause were observed. 

The only gross pathological change shown by infected cotton rats and attributable 
to the filarial infection was enlargement of the spleen. In those few rats, which 
harboured over a hundred female worms, the pleura was thickened so as to appear 
milky, and it was much rougher than in normal rats. Tumours attributable to the 
presence of the worms were never observed. A small amount of exudate was found in 
the pleural spaces of most infected rats. This fluid was usually opalescent, being a 
suspension of microfilariae and large spherical cells resembling the phagocytes which 
are occasionally found attached to worms. 


The testing of chemical compounds.—The drugs used for this study were obtained 
from the following sources: Drs. J. Walker, D. F. Elliott, W. Ormerod, and H. King, 
of the National Institute for Medical Research (index numbers F, E, O and A and K); 
Prof. C. Browning, of Glasgow University (B) ; Dr. W. O. Kermack, of the Royal College 
of Physicians, Edinburgh (JEM); Dr. F. E. King, of the Dyson Perrins Laboratory, 
Oxford (FK) ; Dr. A. H. Cooke and Sir Ian Heilbron, of Imperial College, London (CH) ; 
Boots Pure Drug Co., Ltd., Burroughs Wellcome, Ltd., and May and Baker, Ltd. ; 
Drs. H. Mauss and H. Schmidt, of I. G. Farbenindustrie, Germany (Ms and Sdt) ; 
Dr. A. D. Welch, of Western Reserve University, U.S.A.; and miscellaneous other 
sources, 

The chronic toxicity of each drug was estimated by intraperitoneal injection into 
mice daily for 4 days. Substances which would not dissolve in water were administered 
as fine suspensions, agar being added to the suspension fluid if suspensions tended to 
settle out. The maximum tolerated dose was taken as being the lower of two doses, 

ne twice the other, of which the upper killed but the lower did not. Usually only two 
ice were treated at each dose-level. When the maximum tolerated dose per kg. had 
een determined for mice, the drug was injected into infected cotton rats at 0.4 to 0.5 
mes this dose. Higher doses were occasionally given, but they frequently proved fatal. 
he dose was repeated daily for six days (see below). Drugs were made up in sterile 
\ysiological saline and given intraperitoneally through a patch of skin in the groin 
ich had previously been cleaned with alcoholic iodine. Two rats were treated con- 
rrently ; as a rule, only rats which had been infected within the previous three months 
ere used, since the results of tests in which older infections were employed were often 
1omalous. The intraperitoneal route of administration was chosen as being more con- 
nient, less liable to leakage, and less harmful to the rat than intramuscular or sub- 
taneous injection, and more reliable than oral administration since insoluble substances 
ght pass through the gut unabsorbed. Drugs were injected only once daily in order 
economize labour and diminish trauma to the rat. In order to determine the effect 
each drug upon the number of circulating microfilariae, samples of blood were taken 

m each rat immediately before and after treatment. Five to seven days after the end 

treatment the rats were killed with coal-gas and dissected. The contents of the 

domen were quickly inspected to note any lesions caused by the drug. Then the 
orax was opened and the worms were removed to a vessel of physiological saline, 
which they were studied under a binocular dissecting microscope. If it was doubtful 
nether or not they were living they were warmed to 37° C. for fifteen minutes and then 
Q 
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exposed to a bright light: this treatment invariably set living worms in violent motior 
Particular attention was paid to the numbers of living and dead female worms, since the: 
proved more susceptible to drugs than the males did. The totals of living and dea 
adult female worms were recorded for each rat, to facilitate the objective assessme: 
of a drug’s action. Worms which had lost all structure beyond that of the cuticle we 
assumed to have died before the beginning of drug treatment. Finally a sample of ti 
pleural exudate was examined for living microfilariae. 


Apparently other workers in this field have not noticed that female L. carinii a 
markedly more susceptible to the known filaricides than males are. This observatic ; 
is important for the study of the physiology of these worms and of the mode of actio 
of the filaricides. It greatly simplified the evaluation of drugs by autopsy findings, sinc: 
the death of all female worms formed a convenient objective end-point. Doses of activ: 
drugs much higher than those which killed all the female worms frequently failed to ki! 
all the males; in fact the males showed a much wider range of response than the 
females did. 


Selection of standard dose schedule.—Preliminary investigations were made on the 
influence of the arrangement of the doses of the therapeutic effect. In the testing of 
antimalarial compounds against P. gallinaceum the therapeutic effect of a given total 
amount of drug varies according to whether the drug is given as a large single dose or is 
divided into eight twice daily ones (Tonkin and Hawking, 1947). The drug chosen fo: 
testing the arrangement of antifilarial dose schedules was neostam, since it was readily 
available and it was one of the original antimonial compounds used by Culbertson and 
Rose (1944); but the choice proved unfortunate since the compound is apparently not 
a standardized product and a second batch (which was obtained in order to continue 
this study) differed from the original batch. Moreover the work was handicapped by 
the individual variation between animals and by intercurrent infections which made rats 
more susceptible to toxic effects. For these reasons the final results (which are given 
in Table I) are incomplete. The animals are grouped into three main groups (according 
to time of experiment and batch of compound) and the figures of one group are probably 
not comparable with those of the others. Inside the groups, the doses were chosen 
to show (1) the relation between size of dose and response and (2) the effect of sub- 
dividing the same total dose in different ways. The maximum tolerated intraperitonea! 
dose (repeated in six days) is probably 250-500 mg./kg. for batch 91155 and 
160-250 mg./kg. for batch 6357. Given intraperitoneally to piebald rats for six days, 
1,000 mg./kg. killed four out of four, 500 mg. killed three out of six, and 250 mg. killed 
none out of six. Taking first the figures for batch 6357, it will be seen that 80 mg./kg 
daily (as a single dose or subdivided into two) sterilized about half the rats while 
130-160 mg./kg. daily always sterilized. There was no difference whether neostam 
was given as a single daily dose or as two subdivided ones: 80 mg./kg. daily for 6+ ° 
days, or 6+6 days, cured only two out of four rats, just as 80 mg./kg. daily for six day: 
cured one out of two ; 780 mg. total given during three days was as effective as 780 meg 
spread over six days. Taking the figures for batch 91155, 390-520 mg./kg. given durin 
3-5 days were effective in four out of eight animals and 260 mg. given as a single dos 
was effective in one animal. In contrast 720-960 mg./kg. were not effective in any < 
three animals when spread over 13-20 days ; prolongation of the period of treatment do: 
not compensate for the low level of the individual doses. These figures are not co! 
clusive, but they suggest that an almost maximal response of this drug is probab 
obtained by giving a dose once daily for six days, and that no significant advanta 
would be obtained by dosing twice daily, or for two weeks, procedures which great 
increase the amount of labour and material required. (With other drugs, the optimu » 
dose-schedule might be different ; although with cyanine dyes Peters, Welch, and Higas | 
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(1949) have obtained similar results to our own, viz., that variation of the arrangeme 
of the dose-schedule (within limits) did not greatly affect the therapeutic response a 
that once daily dosage (for five days) probably yielded optimal results.) The dc 
schedule adopted for routine use was one dose daily for six days. (The “ Therapeu 
Index ” (see below) for batch 6357 is reckoned as 2, and that of batch 91155 as 2 

Two rats (not shown in Table I) were treated with 130 mg. neostam per kg. on 
daily for six days, and 6+6 days respectively, and watched for three months. 1 
microfilaria count gradually diminished as described by Culbertson and Rose (194 
Cne rat was killed 13 weeks after treatment, when the microfilarial count of the blo 
had sunk from 2,900 per 10 cu.mm. to 90 per 10 cu.mm. All the adult worms in tic 
pleural cavity were dead, but a few live microfilariae were still present. 


RESULTS 


The results of testing a long series of compounds are shown in Table II. The 
maximum tolerated dose for mice is the maximum dose which failed to kill mice 
when injected intraperitoneally on four successive days ; see above. It is assumed 
that the maximum tolerated dose for cotton rats was 0.4 of this dose. The number 
of times the dose was repeated (at daily intervals) is shown by the multiplication 
sign, e.g., x 6. The letter “ D” in the third column indicates that the rat was found 
dead during treatment, presumably from toxic effects ; the results from such rats 
are unreliable. The letter “K ” indicates that the rat was killed, e.g., by trauma, 
and a post mortem was made soon after death ; such results are more significant. 
“1” indicates that the compound was very irritant to the peritoneum. Therapeutic 
activity was judged mainly by the proportion of female worms killed. The “ Thera- 
peutic Index ” was calculated as the ratio of the maximum tolerated dose for cotton 
rats (derived from the figures for mice) to the minimum dose which killed most 
(more than half) of the female worms; this index is therefore only a rough 
approximation. 


DISCUSSION OF RESULTS 


The use of a standardized laboratory infection for chemotherapeutic trials in 
filariasis is less subject to errors of interpretation than is the use of naturally 
infected animals, as generally practised in America. In the present work results 
have been obtained with laboratory-iniv..ed rats in which the duration of infection 
was known. Consequently, it has been unnecessary to perform extensive trials with 
large numbers of rats for each drug. Two rats per dose-level have usually provided 
enough evidence to permit a decision as to whether or not a particular compound 
was active. Where activity has been found, more rats have been expended in order 
to establish the degree of therapeutic efficiency. The results obtained with active 
compounds have been mainly consistent, and the numerical conclusions are sour 
within the limits of accuracy generally reached in biological screening. 

In all, 220 compounds have been tested against experimental cotton rat filaria: 
(Table II). The compounds fall into the following broad groups ; antimonials (1¢), 
arsenicals (12), arsenic-antimonials (2), amidines, isothioureas, and amidoxines (2 ), 
diguanides (14), sulphones (3), sulphonamides (8), hydroxylamine derivatives (:), 
hydroxamic acids (4), pyridines (4), substances related to hetrazan (8), pyrimidines (_ ), 
quinolines, styrylquinolines, and anilquinolines (31). isoquinolines (3), cyanines ad 
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TABLE II 
THE EFFECT OF VARIOUS COMPOUNDS ON ADULT WORMS IN COTTON RAT FILARIASIS 


The names of active compounds are printed in bold type; those asterisked have not been 

used previously against any of the filarial diseases. + Indicates that besides the female 

worms, for which figures are given, all the male worms as well were dead. ‘*D” in third 

column indicates that the rat was found dead during treatment; ‘* K ” that it was killed, 

e.g., by trauma, and a post mortem made soon afterwards. ‘“‘I” indicates that the 
compound was very irritant to the peritoneum. 
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Shencibe} 
Drug Dose | ttn | No. female | Thera- 
Maximum tolerated i.p. dose for mice mg. per kg. | “rats | Worms dead/ peutic 
per Kg. in par: nth<ses) 7 ‘ , | total No. | index 
ANTIMONIALS 
Nu 4-acetylamino-2-methylphenylstibonate,* | 100 x 6 1D | 2/2 
Sdt 626 (500 mg.) 100 x 6 1 7/7 
50 x 6 2D | 0/2 
50 x 6 2 0/9 
i 20 x 6 2 | 1/25 1-2 
| Na 2-methoxy-4-sulphonamidopheny|stibonate, * f 200 x 6 3 All/many 
‘ Sdt 702 (1,000 mg.) 1200 x 6 1 0/6 
f 100 x 6 2 0/14 1-2 
tT} - } 
Neostibosan, p-aminophenylantimonyldiethyl- | 200 x 6 1 10/10t 
amine (750 mg.) | £100 x 6 2 All/many 
'S | 100 x 6 2 | 0/2 
| 50 x 6 2 1/38 2-3 
l, - 
t. Stibosan, Na m-chlor-p-acetylaminophenyl- 50 «x 6 2 40/40 
< stibonate (100 mg.) 20 x 6 3 0/many 1 
ic : | 10 x 6 2 | 2/5 
i- a | 
fl Solustibosan, Na diethylaminoethyl antimony | 500 x 6 2 | 9/9t 
gluconate (2,500 mg.) | 200 x 6 4 2/11 
st 100 x 6 2 0/8 2 
th Pentostam, Na stibogluconate (3,750 mg.) ~ 1,500 x 6 3D 
1,500 x 6 5 All/manyt 
500 x 6 2 All/many 
7200 x 6 2 6/6 
< 200 x 6 1 10/20 5-7-15 
in (200 x 6 2 0/7 
ly t Methylglucamine stibonate* (about 10 ¢g.) a 1,000 x 6 1 All/manyt 
ts 500 x 6 l 5/5t 
‘ °-°9 x 6 1 0/8 
nm yi 100 x 6 1 1/2 
th : _ 50 x 6 l 0/5 
: mly limited supplies available 20 x 6 1 0/7 ?10 
od j —— 
id 4 Tirtar emetic, K antimony tartrate (10 mg.) .. 20 x 3 1K 0/20 
: 20 x 4 1K 0/50 
20 x 6 1 10/20 
. 10 x 6 2 5/70 0-1 
] } hiomaline, Li antimony thiomalate (100 mg.) 50 x l All/fewt 
40 x 6 1 All/few 
20 x 2 0/6 1 
7 Flin, Na antimony 2-pyrocatechol-3: 5-sodium 50 x 6 2 Alljmany | ° 
’ sulphonate (250 mg.) 50 x 6 1 0/5 
20 x 6 2 8/8T 
10 x 6 1 0/5 
“ 10 x 4 1D 0/4 5 
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Drug No. female Thera- 
(Maximum tolerated i.p. dose for mice —. Me. of worms dead/ peutic 
per kg. in parentheses) mg. per xg. — total No. | index 
Na K antimony saccharate,* Sdt 187 (75 mg.) .. 20 x 6 2 25/25 : 
10 x 6 2 1/7 
5 x 6 1 0/5 1-2 
4-Acetylaminophenyl antimony dipyrocatechi- 50x 6 | 2 9/9 | 
nate, tetrasodiumdisulphite,* Sdt aii (256 (250 mg.) 20x 6 | 2 11/14 
1x6 | 2 0/7 5 
3: 4-Diacetylaminophenyl antimony dipyroca- | 100 x 6 2 All/many 
techinate, tetrasodiumdisulphite,* Sdt 884 100 x 6 l 0/1 
(500 mg.) 50 x 6 2 0/4 2 
4-Sulphonamidopheny] antimony dipyrocatechin- 200 x 6 2 8/9 : 
ate tetra-sodiumdisulphite,* Sdt 703 (750 mg.) 100 x 6 3 0/many 3 
4-Carbamino-3-aminophenyl antimony dipyro- 200 x 6 2 10/10t : , 
catechinate tetra-sodiumdisulphite,* Sdt 397, 100x6 | 2 11/11t 
(1,750 mg.) 50x 6 | 2 0/9 7 
©-Cubemsine-0-Cistenresegobeminesbeng? 100 x 6 | 2/2t 
antimony dipyrocatechinate tetra-sodiumdisul- 50x 6 | 6/6 ?>20 
phite,* Sdt 779 (2,500 mz.) 
Only limited supplies available | 
ARSENICALS 
Na_ N’-p-arsenophenyl- N-isopropyl-biguanide | 200 x 6 2 0/many 0 
(500 mg.) 
Na N’-p-arsenophenyl- N5-p-chlorophenyl-bigu- | 50 x 6 2 0/many 0 
anide (100 mg.) 
Diphenylarsonic acid, F42 (5 mg.) 2x 6 | 2 0/many 0 
Butylaminopropylarsonic acid, HCl, F51 (100 50 x 1 1K 0/3 
mg.) 50 x 2 1K 0/1 
20 x 1 1K 0/3 
20 x 2 1K 0/2 
10 x 2 1K 0/4 
5x 4 1K 0/2 
2x 6 2 0/9 0 
8-Phenylethylaminopropylarsonic acid HCl, F54 10 x 2 2K 0/7 
(25 mg.) 5x 4 2K 0/3 
2x 5 2K 0/3 
2x 6 2 0/6 0 
4’-Aminobenzenesulphonyl-4-aminophenylarsinic 500 x 6 1 Half/many 
acid* (1,000 mg.) 500 «x 6 1 8/8 
400 x 6 l 0/many 
200 x 6 1 0/many 
100 x 6 1 0/2 1 
mide, Na N-phenylglycinamide p-arson- 1,000 x 6 l All/manyt 
ate (2,500 mg.) 1,000 x 6 1K All/manyt 
500 x 6 1 All/many 
500 x 6 1K Most/many 
250 x 0 2 0/many 1-2 i 
Reduced tryparsamide dithioglycollate, Na N- 30 x 6 2 All/manyt 
phenylglycinamide-p-arsinic dithioglycollate 10 x 4 1D 5/5 
(50 mg.) 10 x 6 1 20/20f 
6 x 6 1 20/100 
5 x 6 1 All/many 
S3x 6 l 0/many 
13 x 6 1 4/4 6 








Pg UNO 
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TABLE II—Continued 
Drug No. female Thera- 
(Maximum tolerated i.p. dose for mice waren k -—" ‘ worms dead/ peutic 
per kg. in parentheses) = total No. index 
(3-carboxy-S-aminoethyl)-4-benzamidethio- 20 x 5 1K Most/many 
arsinite,* K324 (100 mg.) 20 x 6 2 6/6T 
10 x 5 1D 0/many 
10 x 6 2 12/12t¢ 
5 x 6 3 14/14 
5 x 6 1 2/8 
2x 6 4 0/43 
1 x 6 4 0/23 8 
\rsenophenylglycine (200 mg.) 100 x 1 1K 0/many 
80 x 6 1 0/many 0 
Mapharsen, 3-amino-4-hydroxyphenylarsenious 15 x 3 1K 0/many 
oxide hemialcoholate, Hul (25 mg.) 10 x 2 1K All/many 
5 x 6 2 0/4 0 
Neoarsphenamine, 3: 3’-diamino-4: 4’-dihydroxy- 100 x 5 1K All/many 
arsenobenzene-N-methylene sulphoxylate 100 x 6 1 All/manyt 
(200 mg.) 20 x 6 6 39/41 
10 x 6 2 20/20 
10 x 6 2 0/24 
5 x 6 2 1/16 4 
COMPOUNDS OF ARSENIC AND ANTIMONY 
A complex compound containing three atoms of 20 x 6 2 All/many 
arsenic and two of antimony per molecule, 10x 4 1D 0/4 
Sdt 386 (100 mg.) slo x 6 1 0/5 
(10 x 6 1 2/2 
5 x 6 2 0/15 2 
3: 3’-Sodiumdisulphite methylamino-4’-carb- 100 x 2 1K All/fewt 
amino-diphenyl arsenostibonate, Sdt 544 100 x 6 1 All/manyt 
(500 mg.) 50 x 6 1 1/1 
20 x 6 2 10/20 5-10 
AMIDINES, ISOTHIOUREAS, AND AMIDOXINES 
4: 4’-Bis-dimethylaminostilbene (500 mg.) 200 x 1 x 3 2K 0/22 
100 x 6 1K 0/19 
1 0/17 
50 x 6 2 0/7 0 
4-Nitro-4’-amidinostilbene, HCl (50 mg.) 20 x 4 1K 2/2 
20 x 6 2 0/many 0 
4-Amino-4’-amidinostilbene, di-HCl (50 mg.) .. 20 x 2 1K t 
20 x 6 2(1 K) All/many 
10 x 2 1K 0/8 
slo x 6 2 5/5 
\10 x 6 3 0/10 0-1 
4:4’-Diamidinodiphenylamine, di-HCl (25 mg.) 10 x 2 1K 0/1 
5 x 3 1K All/few 
5 x 6 1 Half/many 
2x 6 2 1/14 0-1 
4:4’-Diamidino diphenoxyethane, di-HCl (50 mg.) 20 x 6 2 0/many 9 
)-Bromobenzamidine, HCl, F53 (100 mg.) 100 x 6 1 0/2 
70 x 6 1 0/3 
50 x 6 6 2/16 0 
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N-(6-Diethylaminoethyl)-p-methylsulphony!- 
benzamidinium, RD274 (250 mg.) 





500 «x 2 
200 x 6 





2-(4’-Methylsulphon ylphenyl)dihydroglyoxal- 











inium chloride, RD302 (100 mg.) 






50 «x 6 
50 =x 6 
20 x 









ene-p-sulphonate, RD304 (100 mg.) 


2-(4’-Aminobenzyl) dihydroglyoxaline monotolu- | 


100 x 6 
50 «x 6 





} 1/20 







Drug | ~~ — | No. female | Thera- 
(Maximum tolerated i.p. dose for mice : od cot | worms dead/ peutic 
per kg. in parentheses) mg. pet XE. ees | total No. | index 
3:5-Diiodo-4-hydroxybenzamidine, HC] (250 mg.) | 100 x 6 | 3 1/87 | 0 
p-Tolamidine, HCl, F5 (50 mg.) 50x 6 | 1 0/many 0 
20 x 6 2 0/many 
p-Ethoxybenzamidine, HC], F14 (100 mg.) 100 x 6 1 0/1 0 
50 =x 6 2 0/15 
Phenamidine di-isethionate (75 mg.) 30 x 4 | 1 All/many | ; 
20 x 3 1 0/many 20 
20 x 6 1 0/many 
15 x 6 ] 0/2 
4-8-Hydroxyethoxy benzamidinium chloride, 550 x 3 1K 1/1 | 
RD408 (500 mg.) 250 x 3 2K 0/3-many) ' 
200 «x 6 1 O/many | 0 | 
ee 
4-Aminobenzamidine di-HCl (250 mg.) 100 x 6 | 2 0/many 0 
3-Amino-4-hydroxybenzamidinium sulphate, 1,000 x 4 1K | 0/2 0 
RD353 100 x 6 1 0/many 
Tetrahydrogeranamidine HCl, F9 (50 mg.) 20 x 6 2 0/many 0 
: — 
p-2’:5’-Dihydroxybenzenesulphonylbenzamidine, 200 x 6 2 0/6 
HCl, F50 (500 mg.) 100x6 | 2 0/8 | 0 
4:4’-Diamidinodiphenylsulphone di-HCl, RD421 100 « 1 1K 0/manv 
(100 mg.) 50 =x 6 1 | 0/1 0 
_ | a a 
p-Methylsulphonylbenzamide, HCl, F6 (1,250 1,000 x 1 LK | 0/6 
mg.) | 400 x 6 1 0/few-many 
| 200 «x 6 1 O/many | 0 
p-Sulphonamidobenzamidine, HCl, F1 (1 000 my mg. ) 500 «x 6 | 3 | 0/few-many ; 
| 200 x 6 1 a 0/2 0 
N-(8-Diethylaminoethyl)benzamidine, RD270 500 x 1s 1K 0/3 j 
(100 mg.) 100 x 2 1K 0/few 
100 x 2 1K Most/many | 
50 x 2 0/many 0 








0/2 0 











| Half/many 
0/2 
O/many | 20 












0/many 
0/4 0 











S-Methylthiuronium sulphate, F13 (250 mg.) .. 





100 x 6 


to 


0/15 0 








p-Anisylthiourea methiodide, F43 (100 mg.) .. 





50 x 6 


— 


0/15 0 


we 





S-Methyl- N-p-sulphonamidophenylthiuronium 
iodide, F15 (500 mg.) 





200 «x 6 


to 





0/many 0 
























S-2:4-Dichlorophenoxymethyl-thiuronium chlor- 20x 6 | 2 0/22 0 

ide (50 mg.) Y 
p-Sulphonamidobenzamidoxine HCl, F2 (1,500 500 x 6 1 0/many 0 

mg.) 400 x 6 | 1K O/many | 
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HCl (>2,000 mg.) 








Drug | D er No. female Thera- 
(Maximum tolerated i.p. dose for mice | aris wha | worms dead/ peutic 
per kg. in parentheses) | > ae — | total No. index 
DIGUANIDES 
Hydroxyphenyldiguanide HCl, F19 (1,000 mg.) | 500 x 3 1K All/many 
| 500 x 6 | 1 0/4 0 
Chlorophenyldiguanide, HCl, F3 (150 mg.) .. 100 x 6 1 | 0/5 
50 x 6 2 | 0/many 9 
n-Chlorophenyldiguanide, HCl, F24 (50 mg.) .. 20x 6 | 2 0/4 | 0 
Bromophenyldiguanide, HCl, F31 (100 mg.) .. 50 x 4 1K 0/2 
| 50 x 6 1 0/many 
50 x 6 2 1/2 0 
\V'-Methyl- N'-p-tolyldiguanide, HCl], F265 | 100 x 6 3 1/many 0 
(100 mg.) | | 
N'-Methyl- N'-p-anisyldiguanide, HCl, F22 50 x 6 2 | 0/many 0 
(100 mg.) 
o-Xylidine-diguanide, HCl, F21 (100 mg.) 50x 6 | 2 0/many 0 
p-Phenetyl-diguanide, HCl, F4 (30 mg.) 10 x 2 1K | 0/many 
5 x 6 2 | 0/20 0 
\!-Ethyl- N'-p-anisyl-diguanide, HCl, F23 50 x 6 2 0/many 0 
(100 mg.) | 
a-Naphthyl-diguanide, HCl, F16 (100 mg.) 5x4 | 1K | 4/4 
50x 6 | 2 0/many 0 
8-Naphthyldiguanide, HCl, F17 (100 mg.) | 50 x 1 2K | 0/few 
20 x 6 2 | 0/many 0 
Piperonyldiguanide, HCl, F26 (250 mg.) lox 6 | 2 | O/many | 0 
Proguanil (paludrine) (25 mg.) 10 x 6 | 1 2/30 
| l 10/20 
| cote 19/20 ?1 
N}-p-Chlorophenyl- N5-methylisopropyl-diguan- 1x6 | 2 | 1/10 9 
ide acetate, F18 (25 mg.) | | 
SULPHONES 
>-Aminomethylphenyl methylsulphone HCl, F7| 1,000 x 4 | 1 0/many 
(2,500 mg.) 800 x 6 1 0/many 
200 x 6 2 0/many 0 
p-Aminomethylphe» «! ethylsulphone, HCI, F55 | 500 x 6 2 0/4 0 
(1,000 mg.) 
2-Chloro-4:4’-diaminodipheny] sulphone 3,000 x 1 1 0/2 0 
(Inso!uble) 1,900 x 1 1 0/few 
st. 
SULPHONAMIDES 
Sulphaquinoxatine a4 100 x 1 1 0/3 
(Insoluble) 3.0. 
100 x 5 2 0/7 0 
Oral 
Marfanil, 4-aminomethylbenzene sulphonamide, 800 x 6 1 0 
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Drug Do No. of No. female Thera- 
(Maximum tolerated i.p. dose for mice = k ae worms dead/ peutic 
per kg. in parentheses) mg. per Kg. cars total No. index 
8-p-Aminobenzene sulphonamido-6-methoxy- 200 x 1 2 0/5 
quinoline 20 x 1 2 0/9 0 
(Insoluble) S.c. 
1-p-Aminobenzene sulphonamidonaphthaline-5- 500 x 6 2 0/many 0 
sulphonate (1,000 mg.) 
3’:5’-Dibromo sulphanilamide .. .s 5 670 x 6 | 2 0/9 0 
Disulphanilamide (1,000 mg.) .| 1000x1 | 1 0/6 0 
(Insoluble) $.c. 
2-p-Aminobenzene sulphon(é-diethylaminoethy])-| | 5,000 x 10 2 0/many 0 
amide pyridine 
2-Aminopyridine-5-p-aminosulphonaniline 2,000 x 1 | 4 1/17 0 
(Insoluble) S.c. 

DERIVATIVES ges HYDROXYLAMINE 
O-Hexylhydroxylamine, HBr, F44 “a — 150 x 6 | 2 | 0/3 0 
O-Hexylhydroxyguanidine, HNO,, F45 (10 mg.) | 5 x 6 2 0/7 0 
Hexane-di-0:0’-hydroxylamine di-HCl, F47| 100x6 | 4 1/10 0 

(250 mg.) 
1:10-0:O’Decane hydroxyguanidine di-HNO,, | 20 x 2 1D 0/5 
F46 (50 mg.) | 20 x 6 | 4 0/30 0 
HYDROXAMIC ACIDS 
Benzhydroxamic acid, F36 (250 mg.) .. ‘a 200 x 6 2 0/13 H 
| 100 x 6 3 0/35 
- 100 x 6 1 4/5 0 
p-Aminobenzhydroxamic acid, F35 (500 mg.) . 200 x 3 1K 0/3 
100 x 6 1 0/1 0 
1:2-Dioxindole, F33 (500 mg.) ..| 200 x 6 1 | o/1 0 
4-Hydroxy-2-methyl quinazoline-3-oxide, F34 | 750 x 4 | 1K | 0/many | 0? 
PYRIDINES 
a-Aminopyridine sulphate, F52 (50 mg.) + | 20 x 6 | 2 | 0/5 | 0 
2-Butoxy-5-aminopyridine di-HCl, F5 (250 mg.) lox 6 | 2 | O/many | 0 
Pyridium. Phenylazo-a,a’-diaminopyridine, 20 x 6 2 | 0/8 0 
HCl, F41 (50 mg.) 
2:4-Dichlorophenoxymethylpyridinium chloride 2 | 0/27 | 0 
(100 mg.) 








PIPERAZINES, MORPHOLINES, AND OTHER SUBSTANCES RELATE 
TO HETRAZAN 








N-Carbamidomorpholine, F28 .. i le | 2,000 x 6 | 2 | 1/many | 0 
Methyl morpholine, HC1 0/59... “ee ee 200 x 6 1 0/1 0 
50 x 6 1 0/8 
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Drug Do No. of No. female Thera- 
(Maximum tolerated i.p. dose for mice —— 4 worms dead/ peutic 
per kg. in parentheses) me Gee oe. os total No. index 
Morpholinomorpholine- N-dithiocarboxylate, 100 x 6 2 0/13 0 
CH1 (250 mg.) 
Morpholino- N-glycylmorpholine dithiocarboxy- 100 x 6 2 0/many 0 
late, CH6 (250 mg.) 
- Benzylacetonylpiperidinium bromide, O23 30 x 6 2 0/17 
50 mg.) 20 x 6 2 0/4 0 
N: N’-Dimethyl- N: N’-bis-(diethylcarbam yl) 100 x 6 | 2 0/40 0 
ethylene diamine (250 mg.) j 
. The above six compounds were not active against microfilariae in vivo 








N: N: N’-Trimethyl- N’-diethylcarbamyl-ethy- 
lene diamine (250 mg-) 
This compound produces a small reduction in the microfilaria count at max. tolerated dose 


100 x 6 4 0/49 0 





























4-Dimethylamino-4’-methyldiethylcarbamy]- 20x6 | 2K 0/12 
amidodiphenoxypropane (500 mg.) 1 0/31 
100 x 6 2 0/14 0 
7 PYRIMIDINES 
’ 2:4:5-Triamino-6-hydroxypyrimidine bisulphite, | 100 x 6 2 | 0/many 
F30 (250 mg.) 
2’-p-Sulphonamidopheny]-4’:6’-dimethylpyrimi- 1,000 x 3 1K 0/2 
dine, F49 | 850 x 5 1 | 0/3 0 
f Sulphadiazine, 2-sulphanilamide pyrimidine | 100 x 6 1 | 0/many 0 
(250 mg.) | | 
2’-p-Guanylphenylsulphonamido-4’:5’-dimethyl- 150 x 6 2 0/5 0 
pyrimidine, F48 (250 mg.) | 100 x 6 | 2/33 











QUINOLINES (various) ; STYRYLQUINOLINES ; ANILQUINOLINES 





























4:7-Dichloro-3-methylquinoline (1,000 mg.) .. 500 x 6 1D 0/3 | 
1 0/20 
8 200 x 6 2 0/17 
50 x 6 2 0/26 0 
4:8-Dichloro-3-methylquinoline (about 1,000 mg.) 500 x 6 2 0/10 0 
4:7-Dichloro-3:8-dimethylquinoline (about 1,000 500 x 6 1K 
mg.) 2 0/12 0 
6-Methoxy-4-46-diethylamino-a-methylbutyl- 20 x 6 2 0/many 0 
aminoquinaldine di-HBr, F12 (50 mg.) 
Na_ 6-methoxyquinaldine-4-sulphonate, F1l 1,000 x 6 | 2 0/many 0 
(2,500 mg.) 
2-p-Aminophenylquinoline, HCl, K515 (10 mg.) 5 x 6 2 0/14 
1 x 6 2 0/5 0 
m-Aminophenylquinoline methochloride, HCl, 5 x 6 2 0/13 0 
K516 (10 mg.) 
4-Quinolylalanine di-HCl, E28 (350 mg.) _—.... 150 x 6 2 | 0/many 0 
6-Methoxy-4-quinolyl alanine di-HCl, E44 150 x 6 1 0/many 0 
(350 mg.) 
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Drug Do | No. of No. female | Thera- 
(Maximum tolerated i.p. dose for mice oe | : ta worms dead/ peutic 
per kg. in parentheses) mg. Per ag. ans total No. index 
Surfen C,  bis-2-methyl-4-amino-quinolyl-6- | 2x2 | 1D | 0/4 
melamine (50 mg.) 20 x 6 1 0/3 
10 x 6 l | 0/1 0 
Sontoquin (150 mg.) En — a ec 20 x 6 1 0/75 0 
Pamaquin (50 mg.) ‘a a ae wat 10x44 | 1D 0/many 
10 1 0/50 0 
Bis-(2-anilino-4-quinolylamino-ethyl)-methyl- 10 x 6 2 0/14 | 0 





amine, 3HCl, A290 (25 mg.) 








x 
aono= 
——— 
—— 





2(p-Aminostyry]l)-$-naphthoquinoline metho- 10 x — '? All/manyt 
chloride,* B209a (10 mg.) 5 x | All/manyt 
| 4 A | 1/4 1 
2(p-Dimethylaminostyry]l)-8-naphthoquinoline | eS, an 1 | 0/many 
dimethochloride, B325 (5 mg.) 2x 6 1 0/2 0 














2(p-Acetylaminostyryl)-10-8-naphthoquinoline | 50 x 2 1K | Half many 
methochloride, B207 50 x 3 1K | 0/many 
20 x 6 1 0/many 0 














2(p-Acetylaminostyryl)-8-4-aminonaphthoquino- | 100 x 1K 0/2 
line methoacetate, B230(i) 100 x 1K 0/many 
80 » 1K 0/many 
: l O/many | 0 















2(p-Aminostyryl)-6-acetylaminoquinoline metho- | 100 » 


All/many | 
chloride, B147 (100 mg.) 40 » 


1 O/many | 0 


we 
S 
2a! oanvr= 
— 
va 























2(p-Dimethylaminostyry])-6-aminoquinoline 20 x 1 1 All/many | 
methiodide,* B62c (10 mg.) 10 x 1 1 All/many | 
4x6 1 5/7 
4x 6 1 All/manyt 
2x 6 1 0/6 
2x 6 1 0/many 
l x 1 0/many 1 


ae 
~ 
a 
4 
~ 
~ 


2(p-Dimethylaminost yry]l)-6-aminoquinoline 0/many 
dimethiodide, B326 (10 mg.) 4x6 | 1 0/many 0 








2(p-Dimethylaminostyryl)-4-carboxamido quino- 80 x 6 1 0/many 
line methiodide, B393 (100 mg.) 40 x 6 1 | 0/many : 
6 t 6/6 20 








2(p-Dimethylaminostyry})-quinoline 4-carboxy- | 5x6 | 1 2/2 | l 
methylamide methochloride,* B408 (100 mg.) 








I All/manyt 
All/manyt | 
All/manyT | 

Half/many | 

1/10 


2(p-Dimethylaminostyry])-4-dimethylaminoquino- 
line methochloride,* B440 (5 mg.) 


24 
Om = be 
xX XX X X 
AAAAOoD 
Noe ee 











2(p-Dimethylaminostyry])-4-acetylaminoquino- 


K | 0/many 
line methochloride, B431 (50 mg.) | 


All/manyf 
All/manyt fe 

0/4 [ 
All/manyf 
All/manyf 

5/5t 

2/6 

0/many 

2433 

0/many 10 


PSPS 

= DS bO 

AaaKewWananoooce 

XXXXXXK KM XK X X 

ABASAABABSCSSAS 

et et eet DD et ee ee 
| WAR 


of 
SSRN PS 
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Drug | D N f No. female Thera- 
(Maximum tolerated i.p. dose for mice at . Th worms dead/ peutic 
per kg. in parentheses) > oo ae — total No. index 
(p-Diethylaminostyryl)-4-dimethylaminoquino- Slx 6 1 0/4 
line methochloride,* B441 (2.5 mg.) 1 x 6 3 All/manyt 
| S0.5 x 6 2 2/many 
10.5 x 6 2 0/many 
02x6 | 1 5/many 
01x6 | 1 o/1 1 
(p-Acetylaminostyryl)-6-aminoquinoline metho- | 30 x 6 | lI 0/many 
chloride, B154(i) (35 mg.) 6x6 | 1 0/3 0 
2-p-Acetaminostyryl-6-methylaminoquinoline 20 x 6 1 20/30 
methosulphate,* B314 (50 mg.) 20 x 12 1 80/100 1 
2(-p-Dimethylaminoanil)-6-methylquinoline S5 x 6 1K 0/many 
methochloride, B48 (10 mg.) 15 x 6 1 0/many 0 
2(p-Dimethylaminoanil)-6-N-caproylaminoquino- | S50 x 3 1K 6/6T 
line methochloride,* B68 (100 mg.) 150 x 6 1K 0/1 
| £20 x 6 11 4/8 
| {20 x 6 1 9/10 
10 x 6 1K 0/few 
10 x 6 1 0/many 1-2 
2(p-Dimethylaminoanil)-4-acetylaminoquinoline 20 x 6 2 0/many 0 
methochloride, B405a (50 mg.) 
2(p-Dimethylaminoanil)-4-carboxyamido quino- 50 x 6 2 0/3 0 
line methochloride, B395 (100 mg.) 
ISOQUINOLINES 
Emetine, HCl (10 mg.) 4x6 | 1 0/many | 0 
3-Chloro-1-(4’-diethylamino-1’-methylbuty])- SlOox6 | 2D 0/5 
aminotsoquinoline (25 mg.) Lax | 2 0/10 0 
5-Amino-1-(4’-diethylamino-1’-methylbutyl- 50x 6 | 3 6/many 
aminotsoquinoline, HCl (30 mg.) 20x 6 | 1 0/1 | 0-1 
CYANINE 
1’-Ethy]-3:6-dimethyl-2-phenyl-4-pyrimido-2’- 2x6 1 All/manyt 
cyanine, chem. ctr. 863, Kodak 81 (2.5 mg.) jx 1 All/manyt 
0.5 x 6 1 All/manyt 
| 0.2 x 6 1 90/100 
i \0.2 x 6 1 All/many 
| \0.2 x 6 2 6/6 
f0.1 x 6 2 6/many 
| \O.1 x 6 4 All/manyt 
| Ol x 335 3 All/manyt 
| \0.1 x 12f 1 10/12 
0.05 x 6 | 3 0/15 20 
PHENANTHRIDINIUM SALTS 
7-Amino-9-p-aminophenyl-10-methy! phen- | 20 x 6 2 13/15t 
anthridinium Cl,* K506 (50 mg.) 10 x 6 3 60/63 
5 x 6 2 0/14 2 
| 
Dimidium Br, 1553, 2:7-diamino-9-phenylphen- 40x 3 | 1D 5/15 
anthridine 10-methobromide* (10 mg.) 20 x 6 1D 2/2 
10 x 6 1 7/8 | 
5x 3 3/many | 1 





t Given twice daily for 6 days. 
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TABLE II—Continued 





Drug Do — No. female 
(Maximum tolerated i.p. dose for mice a no worms dead/ 
per kg. in parentheses) , — | total No. | 





ACRIDINES 
Acriflavine (10 mg.) -f wis ne oP x 0/60 





Rivanol, F37 (10 mg.) .. ne =) ey 5 x | 0/7 





pe 0/many 
x 1 0/75 


Mepacrine 





5-Heptylaminoacridine, HCl, H,O, F387 x 3/3t 
x 0/2 
x 0/20 





BENZTHIAZOLES 


2(p-Dimethylaminoanil) benzthiazole metho- ; S10 x 2 
| Vv 6 


chloride, B252a (25 mg.) 10 x 


S10 x 
10 x 


6/12 
| 0/1 
| 3/7 


6 
6 0/many 





2(p-Dimethylaminoanil) acetylaminobenzthiazole 100 x 6 3/many | 
methosulphate, B329 (250 mg.) S50 x 6 Quarter/many 
(50 x 6 0/6 





5-Acetamido-3-methyl-2-styrylbenzthiazolium | 50 x 6 2 0/12 
Cl, JHM41 (100 mg.) 





2(p-Aminostyry])-6-acetyllactylaminobenzthiazole 80 x 6 All/manyt 
methochloride, B398 (100 mg.) | 40 x 6 All/manyt 
S2 x 6 All/many 
120 x 6 Half/many | 
10 x 6 1/many 





6-Nitro-2-dimethylaminostyrylbenzthiazole .. 1,500 5 0/12 





5-Acetamido-2-(p-diinethylaminostyryl)-3-benz- | S5 l 6/8 
thiazolium Cl, JEM40 (10 mg.) 15 j , 0/many 





2(p-Acetylaminostyryl) aminobenzthiazole 100 x c 0/many 
methochloride, B368 (100 mg.) 40 » 0/many 





2(p-Acetyllactylaminostyryl)-6-aminobenzthia- | 20 x Half/many 
zole methochloride, B392 (30 mg.) 20 0/6 





0/4 
0/2 
0/13 


2:5-Diaminobenzthiazole, F56 (500 mg.) Pe 200 x 
200 
50 





3/16 
0/8 


5-Acetamido-2:3-dimethylbenzthiazolium Cl, 100 x 
JEM39 (250 mg.) 100 > 


to te oe 





7/20 
4/4¢ 
2/8 

0/33 


3-Methyl-6-acetamido-2-p-dimethylaminostyryl- 100 
benzthiazolium I, BD49 


tom = bo 





31/31+¢ 


2-Methylbenzthiazole, HC], BD/A 
0/23 


—~ 
— 
oo 
A 
— 





2-Methyl-6-nitrobenzthiazole, BD/B 0/21 





2:3-Dimethylbenzthiazolium Cl, BD38 .. 0/14 


2:3-Dimethyl-6-nitrobenzthiazolium Cl, BD39. . | 





wel wl nil wo- 


0/9 








CHEMOTHERAPY OF FILARIASIS 255 


TABLE IIl—Continued 

















! 


Drug | Do a No. female Thera- 
(Maximum tolerated i.p. dose for mice it whng worms dead/ peutic 
per kg. in parentheses) | > Pe oe — total No. index 
F lethyl-5-diethylaminoethylaminobenzthiazole 80 x 6 2 0/many 0 
\i-HCl, A135 (200 mg.) | 
2 p-Aminobenzene sulphonamido-6-ethoxybenz- | 100 x lft 1 | 0/9 ' 
- hiazole 100 x 6 2 0/5 0 
(Scarcely soluble) 








BENZIMINAZOLES 





















































: Methyl-5-methoxy-6-chlorobenziminazole, HCl,| 20x6 | 1 0/75 0 
[J2b (50 mg.) | | 
-Carboxyethyl-5-chlorobenziminazole, HCl, 100 x 6 1 0/50 0 
I J9 (250 mg.) 
; Hydroxymethyl-5-chlorobenziminazole, HCl, 100 x 6 1 0/75 0 
TJ10 (250 mg.) | 
| Methyl-2-diethylamino-n-propyl-5:6-dichloro- 50 x 6 2 0/4 0 
benziminazole, FK56 (100 mg.) 
7 »-Guanidyl-5-chlorobenziminazole di-HCl, F20| 40 x 3 1K 0/few 
; (50 mg.) 20 x 6 3 0/6 0 
F 2-Guanidyl-5-methoxybenziminazole di-HCl, | 50 x 2 | 1K 0/many 
: 3 FK42 (125 mg.) 50x 4 | 1K 0/many 0 
BENZOX AZOLE 
; 2(p-Dimethylaminostyryl)benzoxazole metho- 30x 1 1K 0/many | 0 
F chloride, B270 (10 mg.) 4x6 | JI 0/3 
TETRAZOLES 
. . ::3:5-Triphenyltetrazolium Br (5 mg.) ae ax¢ | 2 | 0/many | 0 
’:5-Diphenyl-3-p-tolyltetrazolium Br (5 mg.) .. | 2x 5 1K 0/many 0 
7a | 1 O/many | 0 
THIAZOLINES 
!-Mercapto-4-p-hydroxybenzyl-5-ketothiazoline, 500 x 1 | 1K | 0/many 
- CH7 200 x 6 | 1 3/7 
100 x 6 1 0/many 0 
:-Mercapto-4-p-methoxybenzyl-5-ketothiazoline, 50x 6 | 2 0/6 0 
CH4 (100 mg.) 
-Mercapto-4-phenyl-5-ketothiazoline, CH5 | 500 x 6 | 1K 0/2 0 
(1,000 mg.) : | 
2-Mercapto-4-benzylidine-5-ketothiazoline, CH9 100 x 6 | 2 | 0/many 0 
(250 mg.) 
| | 
--Mercapto-4-ethoxymethylene-5-ketothiazoline, 50 x 6 2 0/many 
CH10 (50 mg.) 2x6 | 2 1/many 0 
, -Mercapto-5-ketothiazoline, CH8 oa .. | 1,000 x 1 1K 0/1 
500 x 1 1 0/many 0 








XANTHONES AND THIOXANTHONES 
Miracil A, 1-methyl-4-diethylaminoethylamino- | 50 x 6 2 | 0/many 0 
xanthone HCl (100 mg.) 





d 4 Tse. § oral. 
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TABLE II—Continued 





Drug D i No. female Thera- 
(Maximum tolerated i.p. dose for mice wee worms dead/ peutic 


per kg. in parentheses) mg. per kg. , total No. index 





Miracil B, 1-methyl-4-diethylaminoethylamino- | 50x 6 0/many 0 
8-chloroxanthone (100 mg.) 





Miracil C, 1-methyl-4-diethylaminoethylamino- | 20 x 6 0/many 
xanthydrol (50 mg.) 





Miracil D, 1-methyl-4-diethylaminoethylamino- 200 x 6 0/many 
thioxanthone, HC] (250 mg.) Oral 





1-Diethylaminoethylamino-4-methylthioxan- 100 x 0/many 
thone, Ms803 (200 mg.) | 





1-Methyl-4-diethylaminoethylamino-8-chloro- 100 x 4 0/many 
thioxanthone, Ms786 (200 mg.) 100 x 0/10 





BENZEPINES 
7-Chloro-2:4-diamino-1:3:5-triazobenzepine 50 x 4 
hemisulphate, FE59 (100 mg.) 50 x 6 





1-Jsopropyl-2:4-diamino-8-chloro-1:3:5-triazo- 100 
benzepine SO,, FK61 (250 mg.) 





DYES 


Erythrosin, C.I., No. 773 (250 mg.) “s - 100 x 6 y | 0/many 








Methylene blue (50 mg.) a mn at 20 x 6 ‘ 0/82 





Methylene violet Bernthsen (150 mg.) .. 2 | 100 x 6 2 0/many 








Methylene green, C.I., No. 924 (75 mg.) 7 50x 6 | 0/few 
50 » y 0/7 
20 x 0/6 











Kiton fast green, F40 (50 mg.) .. wi a 20 x 6 , 0/6 











Xylene fast green B, F39 (¥00 mg.) oa ay f 200 x 5 ‘ 0/4 
1200 x 6 , 0/12 


Neutral red, C.I., No. 825 (250 mg.) .. - 100 x 6 ‘ 1/3 











Brilliant cresyl blue, C.I., No. 877 (50 mg.) ...._| 20 x 6 0; 





Nile blue sulphate, C.I., No. 913 (50 mg.) a x 6 ‘ 1/$ 








Resorcin blue, C.I., No. 908 (250 mg.) awd <6 y 1/2 





Gallocyanin, C.I., No. 883 (250 mg.) 





New methylene blue, C.I., No. 927 (50 mg.) 





Thionin, C.I., No. 920 2.2’diaminothiazine 





Azocarmine, C.I., No. 828 Pay ie ae BC 20/21¢ 
| 0/12 





Gallamine blue, C.I., No. 894... a gh x 0/22 
0/21 
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TABLE [I—Continued 
















































































Drug Do No. of No. female Thera- 
(Maximum tolerated i.p. dose for mice ~~ . ie worms dead/ peutic 
per kg. in parentheses) mg. GSS e- — total No. index 
idulin (water soluble), C.I., No. 861 .. a 100 x 6 2 (1D) 0/30 
1D 7/7 0 
50 x 6 2 0/23 
oluidine blue, C.I., No. 925 (50 mg.) .. a7 | 20 x 6 | 2 | 0/37 0 
MISCELLANEOUS COMPOUNDS 
sanocrysin (100 mg.) ay os oi -+ | 50 x 6 4 | 0/9 0 
Neosolganal (1,000 mg.) .. .. «.  «- | 400x6 1 | 0/350 0 
p-Aminobenzoic acid (100 mg.) .. «| 40 x 6 l | 0/15 0 
1:4-Bis-amino-n-propoxybenzene di-HCl, F10 | 50 x 6 2 | 0/many 0 
(100 mg.) } 
Diethyl urea, F32 (1,000 mg.) ..  ..  .. | 500x 6 2 | 0/many 0 
2:4-Dichlorophenoxymethy] chloride (50 mg.) .. | 2x6 | 2 0/20 0 
\Aminoacetamide thiocarbamate, CH2 (250 mg.) | 100 x 6 | 2 | 0/many | 0 
V-Carbethoxypiperidine, F29 (500 mg.) oa 400 x 6 1D 0/5 
200 x 6 | 0/many 
N-Carbamidopiperidine, F27 (1,000 mg.) a 1,000 x 1 1K 0/many 
500 x 3 1K 0/many 
| 500 x 5 2 0/2 0 
3:5-Dicarbamylmethyltetrahydro-1:3:5;2-thiadia- 200 x 6 2 0/many 0 
zino-2-thione, CH3 (500 mg.) 
Suramin (100 mg.) 100 x 6 2 0/10 
50 x 6 2 0/9 0 
a, ee ee ee ee ee x6 | 4 | 0/56 0 
a-p-Methoxyphenylpiperidyl ethanol, HBr 50 x 6 | 2 0/13 0 
(100 mg.) 
3:3':5:5’-Tetrabromo-2:2’-dihydroxybenzil 200 x 1 1K 0/10 
(Insoluble) 20 x 1 2K 1/18 
20 x 1 2 0/7 
$.C. | 0 
Quinine HC1(100mg.) .. 0. wee | 2x6 | 1 | 0/350 0 
Chloromycetin | 100 x 6 2 | 0/82 0 








phenanthridiniums (3), acridines (4), benzthiazoles (17), benziminazoles and benz- 
oxazoles (7), tetrazoles (2), thiazolines (6), xanthones and thioxanthones (6), 
benzepines (2), dyes (17), and miscellania (16). For ease of reference the active 
compounds are printed in bold type in Table II. Although no new important 
filaricidal compounds have been discovered in the present work, it has been possible 
to make comparisons among those already known and to draw attention to some 
new ones. 

Among the antimonials tested, only one, tartar emetic, failed to show significant 
activity against the adult worms. All the remaining sixteen were active, although in 
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differing degrees. The most active, Sdt 779, with a therapeutic index of at least 20, 
is five to ten times better in this respect than neostibosan, hitherto regarded as the 
best antimonial for the treatment of filariasis ; next is methylglucamine stibonate 
with an index of 10; but with both compounds results are incomplete owing tc 
scantiness of supplies. Both are markedly non-toxic to mice, the latter bein; 
tolerated at 10 g./kg. Anthiomaline, solustibosan, neostibosan, neostam, anc 
fuadin, in that order, are shown to have therapeutic indices ranging from one t 
five. With the exception of solustibosan they have been considered by America 
workers to have lower therapeutic indices than these (possibly because the America: 
workers rated as cured only those rats in which all the parasites were dead, and 
not only the females). Fuadin, with a therapeutic index in cotton rats of five, ha: 
been administered to patients with filariasis at relatively lower doses than any other 
of the compounds mentioned above because of the severe reactions for which it can 
be responsible. For this reason it is thought that the fuadin-type drugs Sdt 379 
and Sdt 779 may not be as useful in man as their high therapeutic indices in cotton 
rats suggest. Solustibosan, although not very effective in man at comparatively high 
doses, was the only compound used by Culbertson and his co-workers which did not 
produce unpleasant reactions in patients with filariasis ; as it has only a low thera- 
peutic index for cotton rats it is not surprising that few cures resulted from its use. 
Two similar compounds, pentostam and methyl-glucamine stibonate, are shown in 
the present work to have high therapeutic indices in rats, and there is hope that they 
might be given to man in doses sufficiently high to achieve radical cure but not so 
high as to produce serious side-effects. These drugs are excreted rapidly, and doses 
would have to be given frequently. 

Several of the arsenic compounds have been found to have quite high therapeutic 
indices, although seven were without action. K 324 and neoarsphenamine showed 
activity comparable to that of the better antimonials, as did Sdt 544, which contains 
both arsenic and antimony. K 324 is a compound which was developed by 
Strangeways (1935) against trypanosomiasis, and administered to patients with sleep- 
ing sickness by Murgatroyd (1937). It is practically identical with arsenamide, which 
has been put forward by Thetford, Otto, Brown, and Maren (1948) for the treatment 
of human filariasis. One of us had the opportunity of using it in the treatment 
of four patients in East Africa, and the preliminary results were encouraging 
(Hawking, 1950). Further consideration should be given to the possible use of 
arsenicals for killing adult filarial worms. 

Activity was found among eight members of the cyanine-quinoline group and in 
two phenanthridinium compounds, and it was confirmed in the cyanine 863. The 
best of the new compounds had a therapeutic index of 10. The high degree of 
activity found among the styryl- and anil- -quinolines and -benzthiazoles is not sur- 
prising in view of the extremely good results reported for the related cyanine dyes 
(Peters, Bueding, Valk, Higashi, and Welch, 1949). One of these (863) has been 
found by us to be more active than any of the other cyanine-quinolines we have 
examined. Unfortunately this compound has proved disappointing when tried in 
man (Peters, Welch, and Higashi, 1949), and as the antifilarial action of all this 
group seems to be essentially the same it did not seem worth while to continue its 
exploration. One of the styryl-quinolines (B440) has been reported to induce the 
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»rmation of tumours when injected subcutaneously into mice (Browning et al., 1936). 

The only group which has not been explored by other workers and in which 
ctivity has been found is the diguanide group. Unfortunately the (low) antifilarial 
ctivity discovered with paludrine was not encountered in any other member of the 
eries, so that this clue was disappointing. Suramin was studied because of its action 
a onchocerciasis, and miracil because of its action in schistosomiasis ; both proved 
nactive both on adult worms and on microfilariae. 


Action on microfilariae—While the main object of this work has been to 
tudy the action of drugs on the adult filariae, a watch has been kept on the micro- 
‘ilariae both in the blood stream and in the pleural cavities of the treated rats. 
Microfilariae were frequently found to be absent from the pleural cavities after 
all adult worms had been killed, although still present in the blood. With two 
xceptions (hetrazan and N: N: N’-trimethyl-N’-diethylcarbamylethylene diamine, 
Me,N.CH,CH,NMeCO.NEt,) none of the drugs tested appeared to have a direct 
action on the circulating microfilariae ; slight reductions may have occurred in 
some cases, but they were not studied, since they are difficult to distinguish from 


TABLE III 


The effect of N:N: N’-trimethyl-N’-diethylcarbamylethylene diamine on circulating 
microfilariae when given as 6 daily doses of 100 mg. per kg. 





| Microfilariae per cu.mm. of tail blood 











Rat Before Days after first dose 
first z enetuiittahapuiaimmentibinaapeintatin 
| dose | | | ; + + +. = 5 
2377 e 46 4 
2378 ig 30 10 
2426 ar 54 76 12 6 16 4 
2429 cn 50 24 42 56 | 72 2 








the spontaneous fluctuations of the microfilaria count and since our main attention 
was given to compounds which kill the adult worms. Of particular interest are the 
morpholines ; N-carbamido-morpholine (F28), morpholinomorpholine-N-dithio- 
carboxylate (CH1), and morpholino-N-glycylmorpholine dithiocarboxylate (CH6) ; 
the piperidine derivative, benzylacetonylpiperidinium chloride; and the diamine 
derivatives: N : N’-dimethyl-N : N’-bis-(diethylcarbamyl)ethylene diamine and 
4-dimethylamino-4’-methyldiethylcarbamylamido-ay-diphenoxypropane, all of which 
bear some structural resemblance to hetrazan, but were without activity. Hetrazan 
itself was remarkably active against microfilariae, but had little action on adult 
worms ; the analysis of its action has been described in a separate paper by Hawking, 
Sewell, and Thurston (1950). N:N:N’-trimethyl-N’-diethylcarbamylethylene 
diamine was only feebly active against microfilariae, as Table III shows. 


SUMMARY 


|. Two hundred and twenty substances have been examined for in vivo activity 
against the adults and microfilariae of Litomosoides carinii. 
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2. No activity against the adult worms has been discovered in 183 substances 
belonging to the following chemical groups: amidines, isothioureas, and amidoxines ; 
sulphones ; sulphonamides ; derivatives of hydroxylamine ; hydroxamic acids ; pyri- 
dines ; morpholines, a piperazine, a piperidinium, and an ethylene diamine derivative ; 
pyrimidines ; simple quinolines ; isoquinolines; simple benzthiazoles ; benzimin- 
azoles and a benzoxazole ; tetrazoles ; thiazolines ; xanthones and thioxanthones ; 
benzepines ; miscellaneous dyes, and other miscellaneous compounds. 


3. Some activity against adult worms has been found in all of the 18 compounds 
of antimony studied. Three of these—pentostam, methyl glucamine stibonate, and 
Sdt 779—are outstanding, having therapeutic indices of 6, 10, and ?20 respectively. 


4. Some activity against adult worms has been found in four of the twelve com- 
pounds of arsenic studied. Three of them—a derivative of p-benzamide arsenoxide 
(D 324), neoarsphenamine, and a trivalent derivative of tryparsamide—have thera- 
peutic indices of 4-8. Activity against adult worms has also been found in two 
compounds containing both antimony and arsenic. 


5. Some activity against adult worms has been found in 23 of 35 anil- and styryl- 
-quinolines and -benzthiazoles and in two phenanthridinium salts and a cyanine dye. 
However, clinical trials on this type of compound by Peters, Welch, and their 
colleagues have been discouraging. 


6. Only one compound in the diguanide series, viz., proguanil, was found to be 
slightly active. 

7. Of all the substances tested, only hetrazan and N: N : N’-trimethyl-N’-diethyl- 
carbamylethylene diamine affected the microfilariae directly. 


Grateful acknowledgments are due to the chemists mentioned above for the supply 
of compounds ; to Miss A. Burroughs (Mrs. Yates) and Miss W. A. F. Webber for con- 
duct of parts of the work ; and to Mr. D. Garlick and Mr. R. Rhodes Jones for technical 
assistance. 
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The powerful trypanocidal activity of certain phenanthridinium compounds was 
first demonstrated by Browning and his collaborators in 1938 (Browning, 
Morgan, Robb, and Walls, 1938; Walls, 1947a ; Browning, 1949). This activity is 
highly specific against African bovine trypanosomiasis caused by T. congolense and 
T. vivax. A single dose is usually effective and, in spite of local irritant action and 
the occasional late toxic effects observed in some districts, several million doses have 
been given. The drugs have thus gained a place in the treatment of a disease for 
which radical cure was previously difficult to achieve. 

At the time the work described in this paper started it had been demonstrated 
(Walls, 1947b) that high trypanocidal activity in the phenanthridinium series is a 
property of quaternary salts containing a primary amino- group in the 7- and a 
phenyl group in the 9-position ; the activity is much enhanced by the presence of 
a second primary amino-group, 2 : 7-diamino-9-phenyl-10-methylphenanthri- 
dinium bromide (dimidium bromide) being particularly effective. Compounds with 
the amino- group in the 3-position are less active. Our work was designed to test 
these conclusions further, and if possible to extend them. The investigations fall 
into five main groups: 

(a) To establish whether the 7-position represents the optimum location for the 
first primary amino- group. 

(b) To determine the effect of variation of the 9-substituent and, in particular, 


whether the high activity of the 2 : 7-diamino- compounds is associated with other 
)-substituents than phenyl. 


(c) To determine the effect of modifying the primary amino- groups. 
(d) To determine the effect of alkoxyl groups. 
(e) To consider the relation between trypanocidal and antibacterial activity. 
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MATERIALS AND METHODS 


The methods of preparation and the chemistry of all the substances examined 
have been described elsewhere (see references given in the Tables). 


Trypanocidal tests—The strain of Trypanosoma congolense used was identical with 
the strain (No. III) described by Wien (1947), and killed mice in 7 to 9 days. The 
strain of T. rhodesiense used was first isolated from a human case in 1934; it killed 
mice in 2 to 3 days. 


For the trial of a drug, groups of 5 mice (18 to 25 g.) were inoculated intra- 
peritoneally with a suspension of infected mouse biood in glucose-saline. The inoculum 
of T. congolense contained about 1,000 trypanosomes per pl. and that of T. rhodesiense 
about 12,000 per ul. and each mouse received 0.5 ml. A single subcutaneous dose 
of drug, dissolved or suspended in water, was given when trypanosomes appeared in 
the peripheral blood of the inoculated mice ; this was on the day following inoculation 
with T. rhodesiense, and after 3 to 5 days with T. congolense. Blood examinations 
were made daily. One group of mice was always kept untreated as a control, and 
another group was treated with dimidium bromide for comparison. 


As a result of this preliminary tesi, drugs were classified in degrees of potency as 
follows: 
Dose required to clear the peripheral Potency 
blood of at least 80% of a group of mice 


No activity at 50 mg./kg. 
10 to 50 mg./kg. 
1 to 10 mg./kg. 
0.1 to 1.0 mg./kg. 
0.01 to 0.1 mg./kg. 


hWNFKO 


This rough assessment was sufficient for all those drugs with an activity against 
T. congolense of less than “3,” because they could not possibly be of value in the 
treatment of the disease in the field. All those substances which had a higher degree 
of activity were assayed quantitatively against dimidium bromide (6C46) using groups 
of 10 mice at several dose levels. The assays were based upon the number of mice 
which were cleared of the infection (Hawking, 1941) and upon the survival time of 
the groups of treated animals (Biilbring and Burn, 1938). Both these methods are 
discussed by Goodwin (1944). Dimidium bromide (6C46) and phenidium chloride 
(129C46) have both been used in the field for the treatment of bovine trypanosomiasis 
and the greater efficacy of the former over the latter in the ratio of 1 to 0.33 observed 
by ourselves in mice is apparently found also in the field. 


In vitro antibacterial activity—The minimal dilutions inhibiting the growth of 
small inocula of a representative range of organisms were observed. Nutrient broth 
was used as the culture medium except for mycobacterium and corynebacterium for 
which a modified Long’s synthetic medium and litmus milk were used. Susceptible 
bacteria were passaged on solid and in liquid media containing increasing concentration: 
of drug, in order to detect the emergence of resistant strains. 


In vivo antibacterial activity —The in vivo antibacterial activity of phenanthridiniur 
compounds was assessed in side-by-side comparisons with sulphadiazine in groups © 
mice infected with Streptococcus pyogenes CN.10 and Escherichia coli CN.314. Treat 
ment was by subcutaneous injection daily and the largest dose was that which cause: 
no acute deaths in infected mice. 
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Str. pyogenes CN.10. Mice were infected intraperitoneally with 0.5 ml. of a 
suspension containing 10,000 average lethal doses, The drugs were administered 
immediately after infection and again six hours later on the first day ; during the 
subsequent days injections were given at 9.30 a.m. and 5 p.m. 

E. coli CN.314. Except that the infecting dose was one of 100 average lethal 
doses of organisms suspended in 5 per cent hog gastric mucin, the details of treat- 
ment and management were identical with the streptococcal-infection experiment. 
Acute toxicity —Estimates of the acute toxicity were made, usually on two groups 

of ten mice, and sometimes on two groups of six. Drugs were injected slowly intra- 
venously in volumes of 0.5 ml. Since one object was to provide a guide for thera- 
peutic experiments the mice were observed for at least 3 days. The average lethal 
doses (LD50) were read from a graph drawn on a log-probit scale. The results are 
summarized in Tables I-XI. 


RESULTS AND DISCUSSION 


An attempt to correlate structure and antiparasite activity from the results of 
in vivo tests is largely frustrated, even within such a closely related series as that 
now under discussion, by the complications of absorption, distribution, metabolism, 
and excretion. Association of certain structural features and trypanocidal activity 
within this series does emerge, however, and (with the above limitation in mind) 
it is worth discussing the mode of action of these compounds in terms of their 
known chemical properties. Throughout the following discussion we have used 
the term “ trypanocidal ” to indicate that property of a drug which causes trypano- 
somes to disappear from infected animals when they are treated with the drug by 
subcutaneous injection. As we are ignorant of the exact mode of action of these 
compounds upon the parasites, a more accurate term might be “ antitrypanosomal.” 
This is a cumbersome word, and we have retained the older term for the purpose of 
this discussion with full awareness of its shortcomings. 


(a) The position of the amino- groups 


We have examined quaternary salts of the series with a primary amino- group 
in the 2-, 3-, 6-, 7-, and 8-position, and the comparative results are shown in 
lable I. As expected from the earlier work, the most active compounds are those 
vith an associated 9-p-aminopheny] substituent, for which group the order of activity 
s 6-amino>2->7- S 3-=8-, but with a 9-p-nitrophenyl substituent the 6-amino- 
‘ompound much excels the others. It is of interest to recall that the 2-, 6-, and 
‘-amino- groups are in resonant positions ; according to the notation of Gore and 
Phillips (1949), the ionic quinonoid structures are respectively of the ortho-para, 
/ara-para, and ortho-ortho type. From the point of view of trypanocidal activity, 
dditional ionic resonance thus appears to be of secondary importance, for the 2- 
nd 6-compounds do not greatly exceed the 7-compound in activity, and the 
-compound is almost inactive. The inactivity of the latter may be due to steric 
auses: the proximity of the 9-C atom and its substituent may prevent effective 
ombination of an 8-amino- group with an enzyme. The original postulate that 
he introduction of a 7-amino- group into the 9-phenylphenanthridinium molecule 
onfers high trypanocidal activity can thus be extended to include the 2- and 
-amino- groups. 
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TABLE I 
EFFECT OF POSITION OF AMINO- GROUP ON TRYPANOCIDAL ACTIVITY 
S 3 4 3 


4 3 
The figures in columns 5 and 6 represent degrees of potency (see p. 262) and the figures in 
parentheses the relative potencies when assayed against dimidium bromide (6C46). 








| | Streptococcus | i.v LDSO 
No. | Substituent | A Ref. T. cong.| T. rhod. |— -—— . mg./kg. 
| | | In vitro | In vivo | 
SSS 
522C46 | 2-NH,-4’-NH, | Br a 3(0.5)| 2 + | o | 9 
399C48 | 3-NH,-4’-NH, | Cl b I | | 
563C46 | 6-NH,-4’-NH, Cl a | 3 (0.7) | 0 + | 0 | 10 
*129C46 | 7-NH,-4’-NH, | Cl b 3 (0.3) I + | + 8 
4C47 8-NH,-4’-NH, | Br a I 0 + | O 12 
443C46 | 2-NH,-4’-NO, | Cl a 2 2 + | 0 14 
63C47 | 6-NH,-4’-NO, |= Cl a 3 (0.3) l | + 0 2.6 
442C46 | 7-NH,-4’-NO, Cl c I PD} +] ¢ 4.8 
65C47 | 8-NH,-4’-NO, | Cl a l 0 | +- | 0 4.5 





* Under the designations of ** 897 ” and ** phenidium chloride * this compound has been used 


in the field for the treatment of bovine trypanosomiasis. 
References: (a) Caldwell and Walls (1948); (6) Morgan and Walls (1938); (c) Walls (1947b). 


TABLE II 
2-AMINOPHENANTHRIDINIUM SALTS 


KR’ + 


The figures in columns 5 and 6 represent degrees of potency and those in parentheses the 
relative potencies when assayed against dimidium bromide (6C46). All compounds 
described by Caldwell and Walls (1948) 





| Streptococcus (jy. LDSO 























| 
No. R. subst. | R’ | A | T. cong. | T.rhod. : | mg./kg. 
| | In vitro | In vivo | 
523C46 | NH, Me | Br we a + | + | 29 
522C46 | NH, p-CsH,y.NH, Br | 3(.5)/ 2 + 0 | 9 
443C46 | NH, p-C,H,.NO, cl 2 2 + 0 14 
3C47__ | NH, p-C,H,.NHCO,Et | Br | 2 (0.2) 2 + 0 7 
352C47__ | NH, p-CH,.CsH,y.NH, | Cl 1 0 - : 5.6 
641C46 | NH.CO,Et | Me Br 0 1 + + 37 
64C47_ | NH.COMe | p-C,H;.NH, Cl 0 1 + 0 <5 
291C46. | NH.COMe | p-C,H,.NO, Cl 1 0 . a 54 
157C47_ | NH.CO,Et | p-C,H,.NH, Cl 1 0 + 0 12 
489C46 | NH.CO,Et | p-C,H,.NO, Cl 2 1 oo 0 47 
301C47__| NH.CO,Et | p-C,H,.NHCO,Et | Cl 1 1 Ps + <5 
2C47__ | NH.COMe | p-C,H,.NHCO,Et | Cl 1 1 + 0 7 
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TABLE III 


6- AND 8-AMINOPHENANTHRIDINIUM SALTS 


R 
G ><> 


(R) 
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The figures in columns 5 and 6 represent degrees of potency and those in parentheses the 


relative potencies when assayed against dimidium bromide (6C46). 
described by Caldwell and Walls (1948). 


All compounds 






































Streptococcus |; 
No. R A_ | T.cong.| T.rhod. —— ° 
In vitro | In vivo ae 
31C46 6-NH, Br 1 0 + + 5.8 
563C46 6-NH, Cl 3 (0.7) 0 + 0 9.7 
63C47 6-NH, Cl | 3 (0.3) 1 0 2.6 
4C47 8-NH, Br l 0 + 0 12.0 
65C47 8-NH, Cl 1 0 = 0 4.5 
9C46 6-NH.CO,Et Br 1 0 
TABLE IV 


7-AMINOPHENANTHRIDINIUM SALTS 


<> 


YoNMey A 
oa muds 


The figures in columns 6 and 7 represent degrees of potency and those in parentheses the 
relative potencies when assayed against dimidium bromide (6C46). 





No. 


376C46— 
359C47 
129C46 | 
142C46 
141C46 
405C46 | 
404C46 
656C46 
167C47 
90C47 
1C46 
377C46 
291C46 
192C46 
103C46 
166C47 
88C47 
555C46 








2 
NH.CO,Et 
NH.COMe 
NH.COMe 
NH.COMe 
NH.CO,Et 
NH.CO,Et 
NH.CO,Et 
NH.CO,Et 


m-C.Hg,. NH, 


p-C.Hy.NH.CO,Et | Cl 
p-CH2.CsHy. NH, 
p-CH,.CgH,y.NO,z 
p-CH,.CgsH,NHCO,Et | Br 
p-CO.C,H,y.NH, 
p-CO.C,H,.NO, 


p-C.H,N H.CO.Et 
p-CH,.C,H,y.NH, 
p-CO.C,H,y.NH, 
p-CO.C,H,NO, 
p-CO.C,H,NH.CO,Et | Cl 




















| Strepto- iv. 
| A | Ref. |T7. cong.) 7 coccus | 1 D50 
rhod. mg./kg 
| In vitro\In vivo 
Br a 1 0 + + Zn 
Cl b |3(0.3); 1 + + 7.8 
Cl c |3(0.3)} 1 + a 8 
Cl a | | a + 4.8 
a 1 0 + + 1.6 
Cl d | | + + 8.0 
Cl d | 0 ao 0 |ca50.0 
d | 0 + + 5.50 
Br e | 0 a 0 12 
Cl e 1 0 os 0 17 
Br a 1 1 
Cl a i 0 + 0 41 
Cl a 1 0 + + 54 
Cl a 1 0 + 0 61 
Cl d 0 0 + 0 74 
Cl e 0 0 _ 0 Insol. 
Cl e 0 0 + 0 56 
| e 1 0 + a Insol. 

















References: (a) Walls (1947b); (6) Walls (1945); (c) Morgan and Walls (1938); (d) Caldwell 
and Walls (1948); (e) Caldwell, Copp, and Walls. 
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(b) Variations of the 9-substituent 


Results for the 2-amino- series are given in Table II, for the 6- and 8- series i: 
Table III, and for the 7-amino- series in Table IV. It is obvious that for hig 
trypanocidal activity p-aminophenyl is the most effective 9-substituent of thos 
examined, its replacement (Table IV) by methyl (376C46), p-aminobenzyl (405C46 
or p-aminobenzoyl (167C47) resulting in a considerable fall in activity. Likewis: 
replacement of the amino- group of the 9-substituent by other groups such as nitro i 
442C46 or carbethoxyamino in 441C46 leads to loss of activity. Acylation of th 
2-, 6-, or 7-amino- group usually causes a big fall in activity even if the amino- group 
of the 9-substituent is preserved (e.g., 64C47, 157C47, 377C46). It is noteworth 
that the 2-amino- series shows a consistently higher rating than the 7-amino- serie: 
against T. rhodesiense, although as is characteristic of the series the activity agains! 
this species is substantially less than that against 7. congolense, and does no! 
always run parallel to it. The 2-amino- series is also superior against T. congolens« 
although the difference is less marked, thus 523C46>376C46, 522C46>129C46, and 
3C47>441C46. These relatively small differences may be associated with the pos- 
sibility of additional ionic resonance in the 2-amino- series, which would stabilize 
the amino- group and perhaps the whole molecule. High trypanocidal activity is 
present, whether the amino- group is in the meta- (359C47) or para- (129C46) posi- 
tion of the 9-phenyl substituent ; additional] ionic resonance is possible for the 
para- compound but here has no obvious significance, since the meta- is at least 
equal to it in activity. 


The low activity of the 9-p-aminobenzyl- (352C47 and 405C46) and the 9-p-amino- 
benzoyl- (167C47) compounds is striking, since they would appear to possess the 
features characteristic of the active types, but the following tentative explanations 
may be advanced. 


(i) A difference in molecular shape.—Examination of models of the Stuart type 
reveals that in the 9-phenylphenanthridines the 9-phenyl group has its 1’ : 4’-axis at 
60° to the 2 : 7-axis of the phenanthridine nucleus, but its rotation is obstructed by 
the N-methyl group so that the planes of the two ring systems are at an angle. In 
the 9-benzyl derivatives similar restriction of rotation of the methylene group fixes 
the axis of the phenyl group approximately at right-angles to the plane of the 
phenanthridine ring. 


(ii) A greater vulnerability to metabolic attack.—The 9-benzyl compounds posses: 
a chemically reactive methylene group, but since the 9-p-aminobenzyl compound: 
are among the most effective in vivo antistreptococcal drugs yet found in th: 
phenanthridine series, it is difficult to associate their low trypanocidal activit 
with more rapid metabolism by the host than is suffered by the correspondin 
9-p-aminophenyl compounds. 


(iii) Oxidation-reduction properties —A relationship between trypanocidal actio 
and redox properties has often been sought (Bar, 1941). Many nitrophenanthridiniu: 
salts have been reduced to trypanocidal aminophenanthridinium salts by i wn powde’. 


stannous chloride, or ferrous hydroxide, the quaternary system >C= NMe- iC 
being unaffected by the process (Walls, 1947a). 











NA TO mm. 





a ~ 


PHENANTHRIDINE COMPOUNDS 267 


On the other hand in slightly alkaline solution under quite mild conditions this 
uaternary system can be reduced catalytically to the rather unstable dihydro-type 
Caldwell, Copp, and Walls, 1950), a change which involves the loss of aromatic 
haracter in one of the rings. 


5 See ee 
~ N 4 NS : __ 
_ es HC—NMe a, <>? 
f/f + _ | H>—NMe, Cl_ 
Me + 
(359C48) 

This generalization does not hold for the 9-benzoyl phenanthridinium salts, 
which respond differently to reducing agents, a dihydrophenanthridine being formed 
whether iron powder or ferrous hydroxide is used ; with iron powder it is the sole 
product, with ferrous hydroxide the quaternary salt is the principal product. If 
then the benzyl compounds are converted into benzoyl compounds in the body, it is 
tempting to associate the relative inactivity of both series to this difference towards 
reducing agents. A compound (359C48) which possesses the features associated with 
trypanocidal activity in this series except that the quaternary group is not of the 


> 

hetero-aromatic type (>C=NMe}CI-) and which therefore cannot be reversibly 
reduced is devoid of trypanocidal activity. 

Results that have a bearing on these questions have been obtained with the 
2 : 7-diamino- compounds (Table V) among which are found the most active trypano- 
cides of the series. The 9-methyl compound (640C46) is relatively inactive, and 
the known chemical reactivity of a methyl group in this situation suggests that this 
result may be due to its serving as a focus of metabolic attack, with consequent 
conversion of this compound into an inactive phenanthridone: 


HNC >—€ NH, = > NK >NH; 
4 


Y= N4 Br- CO—NMe 


Me Me 

A somewhat similar explanation has been advanced (Walker, 1947) for the 
inactivity of the quinaldine analogues of the sontochin type of antimalarial. 

The low activity of the 9-benzoyl compound (319C49) is striking. In oxidation- 
reduction properties it resembles the other benzoyl compounds (90C47 and 167C47), 
and since this group is thus differentiated chemically from the highly active 9-phenyl 
compounds, it is reasonable to associate trypanocidal activity with certain redox 
properties. That the 9-benzyl compound (660C47) is also less active than the 
9-phenyl analogue (6C46), although much more active than the 9-benzoyl compound, 
also supports this conclusion. 

2 : 7-Diamino-9-p-aminopheny]-10-methylphenanthridinium chloride (150C47) is 
the most effective compound yet found in this series for the treatment of T. congolense 
or T. rhodesiense infections in mice. Against the latter organism it is about as active 
as pentamidine isethionate, but is more toxic and does not possess the same pro- 
phylactic properties. The 9-p-nitrophenyl (676C46) and the 9-thienyl (621047) com- 
pounds are slightly less effective against T. congolense, but the latter (621C47) has a 
comparatively weak action against T. rhodesiense. 
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TABLE V 
2: 7-DIAMINOPHENANTHRIDINIUM SALTS 


The figures in columns 6 and 7 represent degrees of potency and those in parentheses the 
relative potencies when assayed against dimidium bromide (6C46). 


RC >—C€_DR 
\==NMel A 
he ae 


, 





| | | Streptococcus i.v. 
No. | R R’ A | Ref. | T. cong. | T.rhod.—_—— LDS5SO 
| In vitro | In vivo | mg./ky 











| 





640C46 | NH, | Me Br — a b 4 + t | 
*6C46 | NH; | CoHs Br b| 4 3 } 0 | i 
150C47__ | NH, p-C.Hy.NH; | Cl ce |4(1.5) 3 + 9.4 
676C46 | NH, p-C,H,.NO, | Cl c |4(13) | 3 + + 8.4 
660C47 | NH, CH,.C,H; | Br c |38) | 1 H + | 17 
319C49 | NH; p-CO.C,Hs d \2(0.03), 0 8.0 
621C47 NH, | a-Thienyl | Br c |4(1.3) 2 oe + 12 
492C46 | NH.CO,Et | Me | MeSO,| a l 0 + 0 | 19 
460C47_ _ NMe, C,H, Br ri 0 + 0 3 
149C47__| NH.COMe | p-C,H,.NH, | Cl ¢ 8.2 
25C47_ | NH.COMe | p-C,H,.NO, | Cl c 0 0 0 7.5 
653C47__| NH.CO,Et | p-C,HyOMe | MeSO,| 0 0 + 38 
659C47_ | NH.CO,Et | CH;.C,Hs | Br c 0 + 41 
620C47_ | NH.CO,Et | «-Thienyl || Cl c 0 

10948. | NH.CO,Et, —“ % | cI c 0 














* Under the designations of ** 1553 *’ and ** dimidium bromide ” this compound has been used 
in the field for the treatment of bovine trypanosomiasis. 

References: (a) Walls (1947b); (b) Walls (1945); (c) Walls and Whittaker (1950); (d) Caldwell 
Copp, and Walls. 













The high activity of the triamino compound 150C47 reveals a progressive increase 
in trypanocidal activity as the fundamental 9-phenylphenanthridinium system is 
substituted with amino- groups (Table VI). 9-Phenyl-10-methylphenanthridinium 
chloride (44C46) is very slightly active ; introduction of an amino-substituent into 
the phenyl group increases the activity (456C47), but if the amino- group is in the 
phenanthridine ring the activity is greater (Walls, 1945). With two amino- groups 
(e.g., dimidium bromide, 6C46) a great increase in activity results, and with three 
such groups the high activity of 150C47 is achieved. 














(c) Modification of the primary amino- groups 

This has generally resulted in greatly diminished activity. Their replacement by 
amidino- (Barber et al., 1947), acetamido-, ureido-, urethano- or nitro- groups 
(Tables II-V) greatly reduces the trypanocidal properties, but if one primary amin: - 
group is left, particularly in the phenanthridine nucleus (3C47, Table II), considerab'e 
activity may be present. Conversion of primary into tertiary amino- grou 
(460C47, Table V) results in loss of activity without a corresponding loss in in vil 
antibacterial activity ; this suggests that trypanocida] and antibacterial actions m 
operate by a different mechanism. For trypanocidal activity some interacti 
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TABLE VI 
EFFECT OF AMINO- GROUPS ON TRYPANOCIDAL ACTIVITY 


The figures in columns 5 and 6 represent degrees of potency and those in parentheses the 
relative potencies when “~ against dimidium bromide (6C46). 


€ 3 


<> <> 
ne 




















| | Streptococcus | i.v. 
No. | Substituents | A Reference —§ 7. cong.|T. rhod. LDS50 
| | | | In vitro | In vivo | mg./kg. 
44C46 | None Cl | | 0-1 0 + 0 3.5 
456C47_ | 4’-NH, Cl | Morgan and| 2 0 0 5.5 
| Walls, 1931 | 
522C46 2-NH.,-4’-NH, Br | Table I 3 (0.5) z + 0 8.9 
129C46 J NH.,-4’-NH, Cl Table II 13 @.3) | 1 8 
6C46 rege diNH, Br Table IV 4(1.0) | 3 + 0 11 
150C47 2: 7-diNH.-4’-NH, | Cl Table IV 4 (1.5) 3 9.4 














between an enzyme and a primary amino- group may be presumed (perhaps hydrogen 
bonding but certainly a reaction that is not possible with a tertiary amino- group). 
This hypothesis, which is reminiscent of that postulated by Pauling (1948) for 
(oxin-antitoxin combination furnishes a plausible explanation of the increase in 
irypanocidal activity as primary amino- groups are added to the fundamental ring- 
ystem, a process, however, that does not significantly alter the in vitro antibacterial 
activity. A compound with one primary amino- group may be regarded in this 
‘espect as being univalent, a compound with two such groups as divalent, and thus 
inchored far more effectively to the enzyme ; a third amino- group further increases 
he binding-power, but not in the same proportion. 


(d) The effect of alkoxyl groups 


There is an outstanding exception to the generalization that modification of a 
rimary amino-group results in profound loss of trypanocidal activity. Dr. F. C. 
“opp had prepared 7-methoxy-9-p-methoxyphenyl-10-methylphenanthridinium 
hloride (379C46) for another purpose, and it was unexpectedly found that 
his compound possessed significant activity (Table VII). Since the methoxyl group 
igures in many therapeutically active compounds, the synthesis of phenanthridinium 
alts with associated alkoxy- and amino- groups was therefore undertaken. The 
irst of this type to be prepared (286C47), in which an “essential” amino- group 
ad been replaced by a methoxyl group, proved to be highly active. As the size of 
1e alkoxyl group is increased up to normal propyl, the activity increases so that 
72C48 is only a little less active than dimidium bromide itself. The 7-isopropoxy- 
117C49) and 7-butoxy- (119C49) compounds are almost inactive, and the intro- 
luction of a second amino- group (105C48) also greatly reduces the activity. The 
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TABLE VII 
EFFECT OF ALKOXYL AND HYDROXYL GROUPS 


The figures in columns 4 and 5 represent degrees of potency and those in parentheses the 
relative potencies when assayed against dimidium bromide (6C46). All compounds 
described by Copp and Walls (1950). 
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| | Streptococcus i.v. 
No. Substituents A | T.cong. |T. rhod.|\— _ LDSO 
| In vitro | In vivo | mg./kg. 
214C48. | 2-OMe-4’-NH, | a I re 0 25 
322C48 2-OH-4’-NH, ci | o | Oo 
286C47 | 7-OMe-4’-NH, Cl |3(.3) | Oo | 14 
671C47_ | — 7-OMe-3’-NH; | Cl |3(.3) | Oo | 0 16 
196C48 7-OEt-4’-NH, Cl | 3 (0.7) 0]; + 0 13 
372C48 |  7-OnPr-4’-NH, Cl }37) | oO | 18 
54C49. | =‘ 7-OnPr-3’-NH, | Cl | 30.25) | | 6 
117C49 | —_7-OisoPr-4’-NH, | a 0 | O | 
119C49 |  7-OnBu-4’-NH, | cl 0 0 | | 
105C48. |  7-OMe-3’: 5’-NH, Cl I 0 + | 0 14 
300C47 7-OH-4’-NH, | Cl 0; + | Oo 35 
725C47. |  7-OH-3’-NH,; | a 1 oO] + | 0 14 
213C48 2-OMe-4’-NO, Cl I 0} + /] Oo 6.1 
32348 |  2-OH-4’-NO, | cl} 0 0 | 
284C47 | —7-OMe-4’-NO, | Cl | 30.3) 0 + | 4 2.6 
670C47_ |  7-OMe-3’-NO, iat. | Ss + | O 3.5 
190C48 | 7-OEt-4’-NO, | Cl | 30.3) 0 | + 0 6.9 
348C48 7-OnPr-4’-NO, | Cd 2 o |] + | 0 13.8 
116C49. | —_7-OisoPr-4’-NO, Cl 0 | o | | 
11849 | — 7-OnBu-4’-NO, Cl 0 o | 3.9 
98C48 |  7-OMe-3’: 5’-NO, oF 3 0 + 0 5.5 
723C47_ | 7-OMe Cl 0 0 + 0 4.3 
730C47_ | 7-OH Cl | 0 0 + | + 7.8 
379C46 7-OMe-4’-OMe | cd 2 0 + | O 3.1 
699C46 7-OH-4’-OH cl I 0 + | + 6.4 
709C47 7-OMe-4’-NH.CO,Et 1 a} 1 | 0 | + | 12 
672C47 7-OMe-3’-NH.CO,Et | Ca 1 | oO | 
710C47_ |  +7-OH-4’-NH.CO,Et | ai}est}e@t] ¢ 8.3 
118C48. |  7-OH-3’-NH.CO,Et | ar re fe: fT 
93C48. | 7-OMe-4’-Cl cq} it | 0 | + 0 1! 
117048 7-OH-4’-Cl cl | 0 oO; + | + 10 





hydroxyl compounds are also inactive. A further surprising feature of the seric 
of compounds listed in Table VII is that certain alkoxyl salts, containing a nitro 
group (284C47, 190C48) in place of the primary amino- group, are hardly less acti\ 
than the amino- salts. The relative order of activity of these nitro- salts differ 
from that of the amino- salts. The 2-alkoxyl compounds (213C48, 214C48) are com 
paratively inactive, thus forming a contrast to the 2-amino- compounds, whic 
usually exceed the 7-amino- compounds in trypanocidal activity. This alkoxyl cla: 
has a more specific activity against T. congolense than has even the diamino- scrie 
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TABLE VIII 
OTHER ALKOXYL AND HYDROXYL COMPOUNDS 


The figures in columns 4 and 5 represent degrees of potency and those in parentheses the 
relative potencies when assayed against dimidium bromide (6C46). All compounds 
described by Copp and Walls (1950) 


K ><? 
D ey = 





























Streptococci iv. 
No. Substituents A | T.cong.\T. rhod. LDS50 
In vitro | In vivo | mg./kg. 
32C48 | 7-OMe-9-Me Br 0 0 + + 22 
206C47 =| 7-OH-9-Me Cl 0 0 + 0 18 
17C46 «| «=«9-p-CH,.C,HyOMe Cl 0 0 0 34 
28C48. | 7-OMe-9-CH».C,Hy.NH; cl 0 0 + 0 7 
17C48 7-OH-9-CH,.C,H,y. NH, Cl 0 0 + 0 14 
94C48 | 7-OMe-9-CH,.C,Hy.NH.CO.Et Cl 0 0 + 0 14 
149C48 7-OH-9-CH:2.C,H,y.NH.CO,Et | Cl ] 0 + 0 Insol. 
1 | 





These results indicate that a new factor may be operating and if these alkoxyl 

ilts exert their action by a different mechanism from the diamino- salts it is possible 

that the deleterious effects that occasionally accompany the use of the diamino- salts 
in the field (Randall and Beveridge, 1946) might be absent for this class. 


A consequence of the hypothesis that the amino- and alkoxy- groups may be 
cerned in “ anchoring ” the active molecule on to an enzyme system is that the 
stance between these groups is important. Compounds other than phenanthri- 


dinium salts which fulfil the structural desiderata and have the appropriate distance 


‘tween groups may be found in the isoquinoline series. Nevertheless such com- 
sunds are practically inactive (McCoubrey and Mathieson, 1949 ; Caldwell, Walls, 
nd Whittaker), a result which may be attributed either to the difference in weight 
nd area of the molecules, to a difference in redox properties of the salts, or to an 
ifavourable electronic distribution. The area of the molecule is probably the 
iportant factor; thus Albert (1949) regards a minimal flat area as an essential 
juirement, at any rate for antibacterials of the heterocyclic cationic class to which 
se phenanthridinium salts also belong, “in order to provide a sufficiently great 
ea for adsorption ; it depends on the fact that increases in the number of atoms 
a molecule increase its Van der Waals’ attraction, whereas the kinetic energy of 


‘ inslation, which is the force tending to remove the molecule, is independent of 


lecular size.” 


No formal analogy can be found between the trypanocidal types and metabolites 
own to be essential to the growth of micro-organisms. In that they are quaternary 
its, there may be said to be some analogy to aneurin, but experiments in which 

mice were given large daily doses of aneurin showed that this vitamin does not affect 
‘ie trypanocidal action of dimidium bromide. Results in the field indicate, however, 
(hat a nutritional factor may be involved, for Stewart (1947) and Evans (1948) both 
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implicate grazing conditions in the delayed toxicity that is an occasional feature o! 
its use. It is possible that the hepatotoxic properties of the drug are aggravatec 
by the presence of plants in the grazing known to predispose animals to hepati: 
necrosis. 


It is well known that the trypanocidal activity of organic arsenicals has bee 
attributed to the interaction of the tervalent form with essential enzymes containin; 
sulphydryl groups. That phenanthridinium salts might exert their action by ; 
similar mechanism was suggested by the implication of a phenanthridinium salt 
sanguinarine, as the toxic principle of argemone oil (Sarkar, 1948). This alkaloic 
poisons enzymes containing sulphydry] groups, an effect which may be forestallec 
by prior addition of BAL ; likewise the in vivo toxicity of sanguinarine is reduced b 
prior injection of BAL. Neither the trypanocidal activity nor the toxicity of 
phenanthridinium salts is, however, influenced by BAL. 


(e) Toxicity 

Most of the potent compounds examined had an intravenous toxicity to mice 
of 5 to 20 mg./kg. Death usually occurred, if at all, in less than an hour after 
injection, but there were a few exceptions. With 196C48 (Table VII), mice survived 
for three hours on doses which ultimately killed the whole batch. With 460C47 
(Table V), 456C47 (Table VI), and 214C48 (Table VII) mice died over a period of 
four hours. The LDSO values given in the Tables necessarily refer to determinations 
made at different times with different batches of mice. For the compounds most 
active against JT. congolense further LDSO (intravenous) determinations were made 
on the same day and with the same batch of mice (16 to 23 g.). Mortality was 
observed for one week ; the results are shown in Table IX. Only 196C48 showed 
delayed toxicity, death occurring during the first 18 hours after injection. 


TABLE 1X 


THE TOXICITY OF THE MORE ACTIVE PHENANTHRIDINIUM DERIVATIVES 
(All 9-phenyl derivatives unless otherwise indicated in column 2) 














| _ Potency (7. congolense) ae 
Drug | Substituents compared a LD50 {mg./kg.) 
| romide ) sia 
rin, = ee a — 
6C46 | 2: 7-diNH, 1.0 uP. 
129C46 7: 4’-diNH, 0.3 8.7 
676C46. | 2:7-diNH,-4’-NO, | 1.3 10.1 
150C47 2:7: 4’-triNH, 1.5 10.4 
621C47 |  2:7-diNH,-9-thienyl 1.3 | 13.1 
660C47 2: 7-diNH,-9-benzyl | os “as 


196C48 7-OEt-4’-NH, 





(f) Antibacterial activity 

Phenanthridinium salts have a powerful in vitro antibacterial action against Gra 1- 
positive organisms and a significant but much smaller effect against Gram-nega‘ ve 
types. Results with three representative phenanthridinium salts are shown in 
Table X. Unlike sulphadiazine none of the compounds is very effective against E.« /i, 
but all are more active than sulphadiazine against C. pyogenes. After 16 passage of 
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TABLE X 


MINIMAL CONCENTRATIONS, IN MG. PER 100 ML., OF THREE PHENANTHRIDINIUM SALTS 
INHIBITING GROWTH OF ORGANISMS 





























| 150047 730047 6C46 
! Organism | (2:7: 4’-triamino) | (7-OH-9-phenyl) | (dimidium bromide) 
‘r, pyogenes CN10 i = < 0.08 0.35 0.17 
i a + 10% horse serum 0.08 0.7 0.17 
; - in whole blood oe 0.08 3.1 3.1 
aureus, CN491_.. - ‘ie 0.08 — 3.1 
. typhosa, CN512 .. 7 a 3.1 — 50 
". coli, CN314 oe os oe 12.5 25 50 
Vv. comma, CN248 .. Py Be — — 
: . dysenteriae, CN191 0.35 — _- 
[ sonnei, CN271_ .. . 3.1 — — 
s. Sa senteriae, CN225, <0.04 — 6.2 
' Ps. aeruginosa, CN200 50 — >200 
Proteus vulgaris, CN329 3.1 — >200 
Str. agalactiae, CN1143 0.17 0.7 6.2 
E.. rhusiopathiae, CN353 0.17 — 1.5 
Vf. avium, CN280 3.1 Be 6.2 
Cl. perfringens, CN1491 <0.08 — 0.17 
Cl. septique, CN368 - ae ics — 0.17 
Cl. novyi, CN755_.. - oo | < 0.08 — 0.08 
C. pyogenes, CN1856 : | 0.35 12.5 0.35 
TABLE XI 


SOME ANTIBACTERIAL COMPOUNDS 


The figures in columns 5 and 6 represent degrees of potency and those in parentheses the 
relative potencies when assayed against dimidium bromide (6C46). 


Pi 
as ; 











| | Streptococci icv. 
No. Substituent | A | Reference | 7. cong. \T. rhod. LDS50 
In vitro | In vivo | mg./kg. 
23C46 | 2-NH,-9-Me Br | Table II 1 | + + 29 
-2C46  7-NH,-9-p-C,H,.NO, Cl | Table IV | l + + 4.8 
5C46—s-7-NH,-9-p-CH,.C,Hy.NH,| Cl | Table IV | | + + ) 
0C47 | 2: 7-diNH,-9-p-CH,.C,H;| Br | Table V_ | 3 (0.8) | + + 17.0 
1C47_ | 2: 7-diNH,-9-a-thienyl Br | Table V_ | 4 (1.3) 2 + + 12 
0C47_ | 7-OH-9-C,H; Cl | Table VII 0 0 + + 7.8 
9C46_ | -7-OH-9-p-C,H,.OH Cl | Table VII | 0 + + 16 
3C46 | -9-CH,.C,H; Cl | Caldwell — — + 0 58 
and Walls 
| (1948) 
54C46 9-p-CH,.C,H;.NH; Cl %° 0 0 + 0 6.4 
58C46 | 9-p-CH,.C,H;NH.CO,Et | Cl is 0 0 + 0 9.6 
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E. coli CN.314 in nutrient broth a strain emerged which grew in 100 mg. dimidium 
bromide per 100 ml. ; originally it was inhibited at 3.1 mg. per 100 ml. Similarly 
after 16 passages, Str. pyogenes CN.10 yielded a strain inhibited at 1.25 mg. dimidiun 
bromide per 100 ml., whereas originally the inhibiting concentration was 0.18 mg 
per 100 ml. 


Mechanism of antibacterial action——The phenanthridinium salts are bactericida 
to Gram-positive and Gram-negative organisms, there being a direct relation betwee 
concentration and time of exposure (Brownlee and Woodbine). Concentrations 
0.16 mg. per 100 ml. of dimidium bromide are bactericidal to Str. pyogenes afte 
30 minutes under the conditions of the test ; the corresponding figures for E. coli ar 
50 mg. per 100 ml. after two hours. Of a large series of potential antagonists onl) 
the nucleic acids are effective and of these desoxyribonucleic acid is best. With 
Str. pyogenes CN.10 as the test organism and a ditch-plate technique a graded 
reversal began at 6.2 parts of desoxyribonucleic acid to 1 part of dimidium bromide 
and appeared to be complete at 50 parts to 1. The pink complex formed from 
phenanthridinium salts and desoxyribonucleic acid does not diffuse through a cello- 
phane membrane although an equivalent concentration of dimidium bromide diffuses 
completely in two hours. 


Chemotherapeutic activity in bacterial infections ——Many phenanthridinium com- 
pounds give good protection to mice infected with lethal doses of streptococci, and 
some protection against E. coli, but their high toxicity precludes their systemic use 
in bacterial infections. The chemotherapeutic effect may be reversed and the acute 
toxicity modified by the simultaneous administration of desoxyribonucleic acid 
(Brownlee and Woodbine). The most markedly active of the compounds in vivo 
are listed separately in Table XI. Little correlation can be found between the 
chemical structure of these compounds and their antibacterial properties, nor does 
there appear to be any obvious association of trypanocidal and in vivo antistrepto- 
coccal activity. The benzyl compounds (405C46 and 660C47) are the most effective 
antibacterials of the series, and it is interesting to note that the other member of 
this group 352C47 (Table II) also shows some in vivo activity. For comparison 
further representatives of this group are listed, which lack an amino- group in the 
phenanthridine nucleus (Table XI); they are inactive in vivo. Another hint of 
structural influence is offered by the compounds 730C47 and 699C46, and the less 
convincing example 710C47 (Table VII), all of which contain a phenolic group and 
show in vivo antistreptococcal activity ; these compounds are almost devoid of 
trypanocidal activity. 


Many other phenanthridine compounds, among them unquaternized phenanthri- 
dines, 9 : 10-dihydrophenanthridines and their quaternary salts (Caldwell, Copp, and 
Walls), and phenanthridinium salts with tertiary amino- groups, were also examine : 
all proved to be inactive against trypanosomes, but the quaternary salts show sonic 
in vitro antibacterial activity. 


SUMMARY 


1. A comprehensive series of phenanthridinium salts has been examined >r 
trypanocidal activity, and it is confirmed that high activity is present in 9-phen |I- 
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phenanthridinium salts with two primary amino- groups, one of which must be 
located in the phenanthridine ring. 


2. The 2-amino- surpass the 7-amino- compounds against T. congolense, and even 
more notably against T. rhodesiense. The 6-amino- compounds are also highly 
effective, but the comparative inactivity of the 8-amino- compounds is attributed to 
steric causes. A certain correlation may be found between the relative activity of 
the 2-, 3-, 6-, and 7-amino- compounds and the possibility of additional ionic 
resonance. 


3. The 2 : 7-diamino- compounds are the most active of the series, 2 : 7-diamino- 
9-p-aminophenyl-10-methylphenanthridinium chloride being the most effective drug 
in the treatment of both T. congolense and T. rhodesiense infections in mice. Com- 
pounds of this type, but with other 9-substituents, e.g., p-nitrophenyl, 2-thieny] and 
benzyl are also highly active but the 9-benzoyl compound is much less effective. 


4. Modification of the primary amino- groups, whether by acetylation or con- 
version to amidine or urethane groups, greatly reduces trypanocidal activity. A 
tertiary amino- compound corresponding to dimidium bromide is inactive. 


5. 7-Alkoxy-9-p-aminophenylphenanthridinium salts are also highly effective 
against T. congolense. Surprisingly, the corresponding salts with a nitro- in place 
of the amino- group were found to be highly active. 


6. An attempt has been made to determine the structural desiderata of trypano- 
cidal activity in the phenanthridine series, and to correlate these with certain chemical 
factors. The inactivity of the tertiary amino- compound suggests that hydrogen- 
bonding between drug and an enzyme may be important. There is some evidence 
that trypanocidal activity is to some extent dependent upon the oxidation-reduction 
properties of the quaternary salts. 


7. The compounds also have considerable antibacterial action, but this is not 
clearly related to their trypanocidal potency. 


In a survey of this kind, there are a great many of our colleagues to whom we owe thanks both 
for practical assistance and valuable advice. We are particularly indebted to Drs. Caldwell, Copp, 
and Whittaker, who prepared many of the compounds; Mr. J. A. Lock, who performed the tests 
listed in Table IX; and to Miss S. Pluthero, Miss G. Lewis, and Messrs. P. Hankin and P. Whitfield 
for technical assistance. 
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South American trypanosomiasis (Chagas’s disease), which is caused by 
Trypanosoma cruzi, has so far proved to be much less amenable to treatment 
with chemotherapeutic substances than African trypanosomiasis. One reason for 
this comparative lack of success may be that multiplication of the parasites does 
not take place in the peripheral blood, but as leishmania forms within the cells 
of the reticuloendothelial system and the muscles. 


In infants, the primary infection may be acute and overwhelming, with many 
parasites in the peripheral blood; if the child survives, or if the infection is 
acquired later in life, the disease becomes chronic and circulating trypanosomes 
are scanty. Leishmania forms become entrenched in fibrous tissue and are diffi- 
cult to kill, even with otherwise effective remedies. 


Experimental infections of T. cruzi in mice and other laboratory animals have 
been used to evaluate a wide range of drugs. Certain rather toxic bismuth com- 
pounds were said to influence the course of the disease (Stein, 1933) ; more recently, 
it was found that a variety of sulphonamides, and antimony, arsenic, and bismuth 
compounds failed to effect a cure (McIvor, 1942; Talice and Lopez-Fernandez, 
1946). Mepacrine is ineffective (Stein, 1933), but Goble (1949) has recently reported 
that slight activity is shown by pentaquine and other antimalarials of the 8-amino- 
quinoline class. Penicillin has been found by most workers to be without action 
(Collier and Lourie, 1943 ; Neghme, 1945). A fundamental advance in the chemo- 
therapy of Chagas’s disease was the introduction in 1937 of the quinoline deriva- 
tive Bayer 7602 Ac (Jensch, 1937 ; Pratt and Archer, 1948), which has been found 
to be effective in clinical practice (Mazza, Basso, and Basso, 1946 ; Herr and Brumpt, 
1939 ; Mazza, 1941). Its chief value is in the control of acute infections in children ; 
it is less effective in chronic cases. A substance containing arsenic and sulphur, 
Bayer 9736 As, has also been used, with less favourable results. An extensive 
investigation of the trypanocidal activity of phenanthridine compounds (Browning, 
Calver, Leckie, and Walls, 1946) revealed that some of these were active against 
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T. cruzi infections in mice, and that, in particular, quaternary salts with urethane 
substituents appeared to offer considerable promise. Further synthetic work has 
been pursued in this direction, and the present account describes the results 
obtained. 








METHODS 


All of the drugs were tested against Trypanosoma cruzi infections in laboratory 
mice. The strain was obtained from Prof. Reichenow, of Hamburg, in 1936, and ha 
been passaged in mice ever since. It was originally isolated in Brazil in 1926. W< 
have used two “lines” of this strain, one of which has been kept continuously at th: 
Wellcome Laboratories of Tropical Medicine ; the other was kindly provided by Pro 
fessor C. H. Browning, and was the strain used by him in his own investigations upo: 
the action of phenanthridinium compounds. We could detect no differences in thx 
behaviour of the two strains. 









Inoculation of animals.—For the infection of a group of mice, an animal showing 
a fairly heavy infection in the peripheral blood was anaesthetized with ether, the thorax 
opened, and blood withdrawn from the heart with a sterile Pasteur pipette. The blood 
was diluted about five times with heparinized saline and the number of trypanosomes 
present estimated in a haemocytometer chamber. Quantities of 0.1 ml. of diluted blood 
were injected subcutaneously into the mice to be used for the test. An average inoculum 
for a mouse contained about 100,000 trypanosomes, and organisms appeared in the 
peripheral blood after 5-10 days. One group of mice was kept as a control, because 
although in some experiments all untreated mice died in about 20 days, it was frequently 
found that the infection became chronic in a proportion of the animals and they 
remained alive for several months, showing trypanosomes in the peripheral blood at 
irregular intervals. It was found that the subcutaneous injection of a heavy concen- 
trated inoculum gave the most consistent results ; the intraperitoneal and intravenous 
routes were less satisfactory. 












Treatment with drugs.—In order to give a compound the maximum opportunity 
of showing any activity it possessed, we found that it was necessary to give treatment 
during the incubation period of the disease. All drugs were tested in this way, the 
first dose being given subcutaneously on the same day as inoculation with trypanosomes 
and subsequent doses daily for the following four to ten days. By this time the contro! 
group were “ positive” upon microscopical examination of a drop of fresh tail-blood 
under a coverslip, and the effect of drug treatment could be assessed by comparison 
with the controls. Those substances which showed some activity when given in thi 
way were then injected into mice which had been inoculated about a week earlie: 
and already had trypanosomes in the peripheral blood. A course of daily doses wa 
given as before, and the effect of the treatment assessed by comparison with the controls 
The dose aimed at was the highest that could be tolerated without causing seriou 
side-reactions ; if these occurred, the dose was reduced, or the treatment discontinued 
thus it was sometimes necessary to suspend treatment because of necrosis at the site 
of injection. Drugs were dissolved or suspended in water; a volume of 0.1 ml. pe 
20 g. mouse was injected subcutaneously. Whenever possible, the drug was given | 
solution, and with some compounds of low solubility the volume of the injection w 
increased. When a drug was in solution, it was found to be more effective than when 
given in suspension in a smaller volume. 

Blood examinations were made every day during treatment, and for several wee! s 
afterwards if the drug was found to be active. Frequently it was found that treatme ‘t 
with a drug would tide a mouse over the acute stage of the infection, and prevent deat 
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ut the mouse might continue to show parasites from time to time in the peripheral 
lood during the following weeks, the infection having passed into the chronic phase, 
he labour involved in daily blood examination of lightly infected mice is very great. 


With such a method of assay, it is very difficult to calculate precise figures for the 
relative activities of drugs. We have therefore assigned arbitrary potency values, based 
upon the length of time after the final dose that treated mice remained free from 
trypanosomes in the peripheral blood. These values were estimated in terms of the 
following key: 

T. cruzi 
Treatment prevents appearance of trypanosomes 
in peripheral blood of all the mice in the group 


for Activity 
More than 2 weeks after last dose 3 
1 to 2 weeks 2 
Less than 1 week 1 
No significant difference from controls 0 


The figures for activity against T. congolense given in the Tables are in terms of 
the following key: 
T. congolense 


Dose required to “clear” at least 80% of 
a group of mice from trypanosomes in the 


peripheral blood. (mg./kg.) Activity 
0.01-0.1 4 
0.1 -1.0 3 
1.0 -10 2 
10 -50 1 
No activity at 50 0 


All the drugs were not, of course, tested at the same time against the same batch of 
infected mice, and therefore the results given in Tables I, II, III and IV are not strictly 
comparable. However, in most of the experiments an active drug was used as a standard, 
and the figures are approximately correct. Some of the more active compounds were 
compared by using graded doses. 


RESULTS AND DISCUSSION 

In order to determine the structural features likely to confer activity against 
T. cruzi, the large number of phenanthridine derivatives available have been tested 
by the above methods. The results of this preliminary survey revealed that only 
a few compounds other than phenanthridinium salts show activity, and that but 
the merest trace. All the substances mentioned in Part I have been examined 
in addition to those described in Table IV. The active compounds are charac- 
terized by the presence of one or other of the following structural features: (a) a 
9-pheny] substituent, (b) a urethane group, and (c) two amino- groups. Most of 
the active compounds in fact combine features (a) and (b). Of over two hundred 
compounds that form the basis of this work, eighteen compounds showed marked sup- 
pressive action, and of these all but one (the a-thienyl compound 621C47) are 9-phenyl- 
phenanthridinium salts ; eleven of them contain a urethane group, and five others 
two amino- groups. Phenanthridine compounds other than quaternary salts are 
inactive. 
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Among the diaminophenanthridinium salts are found the most effective drugs 
if the series for the treatment of T. congolense infections, but as is seen in Table 1 
here is little relationship apparent between this property and their effect on T. cruzi 
nfections. The most effective drugs of this type against the latter are the 
):7-diamino- salts, 6C46 and 676C46, and the 3 : 7-diamino- salt (34C46). The 
9-methyl compound (640C46) is only slightly active in both T. cruzi and T. congolense 
infections, but a contrast is presented by the 9-benzyl compound (660C46) and the 
triamino- salt (150C47), both highly effective 7. congolense drugs, which are only 
slightly active against T. cruzi. Of the other diamino- type, in which one amino- 
group only is located in the phenanthridine nucleus, the 2-amino- compound, 522C46, 
alone shows marked activity. 


Since phenanthridinium salts with urethane substituents were the first of the 
series for which activity against T. cruzi was demonstrated (Browning et al., 1946) 
a wide variety of such salts has been examined (Table II). It is confirmed that the 
urethane substituent usually confers a specific activity on 9-phenylphenanthridinium 
salts, and in this respect marked differences are again found in the relative responses 
of T. cruzi and T. congolense infections. Activity against T. cruzi in the incubation 
period of mouse infections can generally be demonstrated for 9-phenylphenanthri- 
dinium salts that contain both a urethano- and an amino- group or, in place of 
the latter, one readily convertible into it, the most consistently active type being 
that in which the former group is located in the p-position of the 9-phenyl sub- 
stituent. No generalization can be made, however, for bisurethane salts: 3-car- 
bethoxyamino - 9 - p- carbethoxyaminopheny] - 10-methylphenanthridinium chloride 
(494C46) is markedly active, but the isomeric 2-urethane compound (301C47) is 
only slightly so, and the bismethylurethane (77C48) corresponding to the former is 
inactive. Similarly the bisurethanes derived from the 2 : 7-diamino- salts of Table I 
are inactive, except curiously enough the 9-methyl compound (492C46), which is 
slightly active. Replacement of the 9-p-urethanophenyl group in the active com- 
pounds of Table II by benzyl, benzoyl, or alkyl leads to salts which are quite 
inactive even when this new 9-group carries what would appear to be a suitable 
substituent, such as nitro, amino, or urethane. 


In Part I it has been recorded that powerful activity against T. congolense was 
obtained by locating a 7-alkoxyl group in the 9-p-aminophenylphenanthridinium 
molecule ; of such salts only a few show activity in T. cruzi infections (Table IIT) 
and that of a low order, no improvement being effected by converting the amino- 
into a urethano- group. Of the numerous other phenanthridine compounds tested, 
which included quaternary salts with substituents such as NH,, NMe,, OAIk, NHAc 
in various combinations, only a few miscellaneous 9-phenylphenanthridinium salts 
showed even slight activity (Table III). Of these the nitro-amino- salts form a 
consistent group. 


So far we have discussed only the results of treatment during the incubation 
period of the disease. When the active compounds were examined for their effect 
upon established infections the results were very disappointing. In addition to the 
3 : 4’-diurethano- compound 494C46 (I; R=NH.CO,Et ; Browning et al.) only one 
other, the 2-amino-9-p-urethanophenyl compound 3C47 (II), showed much activity. 
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It has already been mentioned that results with bisurethanes analogous to 494C4: 
are unpredictable, and consequently we have concentrated our efforts on 3C47, th: 
only other compound likely to have any remedial value in Chagas’s disease. Unfor- 
tunately the synthesis of 3C47 involves a large number of steps (Caldwell and Walls, 
1948), and it was clearly desirable to find a more readily accessible drug. From 
the results of the foregoing preliminary survey it appeared that the best hope of 
success lay in the examination of further 9-phenylphenanthridinium salts substituted 
with both urethano- and amino- substituents. 


First derivatives of the 2 : 7-series were prepared in which these substituents are 
different (Table IV). The compound (145C48) containing both a urethano- and a 
primary amino- group is active in the incubation period, and it is significant that 
the closely related compound (177C48) in which the urethano- group is replaced by 
acetamido is inactive. However, the most active compound of this series (146C48) 
had no significant effect upon an established infection. Secondly, analogues of 
3C47 were prepared in which the primary amino- group is in the 3-position, such 
compounds being more readily accessible than 3C47. The closest analogue to the 
latter, namely 74C48 (I, R=NH.), proved to be as active in established infections 
and markedly less toxic by any route. The detailed structure of this active type was 
then modified by varying the alkyl group of the urethane, but replacement of ethy! 
by homologous groups furnished compounds which, although like 74C48 in being 
active in the incubation period, are much less effective in the established infection 
(Table IV). In the incubation period the activities are Et>isoPr>Pr>Bu>Me. 
The compound (423C48) corresponding to 74C48, but with the urethane group in 
the m-position, is inactive even during the incubation period. More profound 
modification of the active type involving replacement of the urethane by othe: 
groups is still under examination, but so far has not revealed much promise. Thus 
the carbamido- compound (328C48) is ineffective. 


It is difficult to account for the peculiar association in the phenanthridine seric 
of the urethane group and activity against 7. cruzi. An attempt has already bee! 
made by Walls (1946) on the lines that the urethane salts might in some wa\ 
perhaps on account of delayed metabolism compared with the diamino- salts, gai 
access to the infected tissues, and there be first converted into the diamino- salt 
which, it was considered, might be the effective trypanocides. Support for such 
view might be found in the occasional correlation between T. cruzi and T. congolens 
activity. The much lower activity of the methyl urethanes (77C48, 329C48) mig! 
then be attributed to an expected difference in stability from other urethanes. T! 
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further facts now adduced hardly support such a hypothesis, nor do the pharmaco 
logical results presented in the next paper (Part III). For instance, it is difficu! 
to understand why 74C48 should be so much more active than 145C48, which i 
related to 6C46, a much more powerful trypanocide than is 3-amino-9-p-amin« 
phenyl-10-methylphenanthridinium chloride (399C48), the diamino- salt corresponc 
ing to 74C48. Finally, 74C48 is extremely rapidly excreted, there being no evidenc 
that it is retained longer in the tissues than is 6C46. 


SUMMARY 


1. Methods of testing drugs for activity against 7. cruzi infections in mice ar: 
discussed. 


2. A large number of phenanthridinium compounds have been examined and 
several of them, particularly 9-phenylphenanthridinium salts with urethane sub- 
stituents, proved to be active when injected during the incubation period of the 
disease. 


3. Only a small proportion of these had any effect upon established infections, 
but two, namely 2-amino-9-p-carbethoxyaminophenyl-10-methylphenanthridinium 
bromide (3C47) and 3-amino-9-p-carbethoxyaminophenyl-10-methylphenanthri- 
dinium ethanesulphonate (74C48), show promise for the treatment of Chagas’s 
disease. 


We acknowledge technical assistance in the biological work by Miss S. Pluthero, 
Miss G. Lewis, and Messrs. G. Berks, P. Bradley, and P. Whitfield. 
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PART III 
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Browning, Calver, Leckie, and Walls (1946) showed that certain phenanthridinium 
derivatives containing the carbethoxyamino-group (I and II) had appreciable activity 
against Trypanosoma cruzi infections in mice. During the past few years, we have 
examined a large number of compounds prepared by Dr. Walls and his colleagues, 
and the general findings have been reported in Part II of this work. 

Very few drugs have any value in the treatment of Chagas’s disease in man, 
and therefore any new type of compound which shows promise is worthy of 
clinical trial if it can be shown to be free from injurious side effects. We have 
therefore chosen the phenanthridinium compound (III) which was the most active, 
and have investigated its properties in more detail. 


NH.CO.CEt 
Pa 
C5 Et0.CO.HN< >— —NH.CO.OEt 
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3 - Amino - 9 - p-carbethoxyaminophenyl-10-methylphenanthridinium ethanesul- 
phonate or “ carbidium ethanesulphonate ” (III) is a yellow crystalline solid, readily 
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soluble in water, especially on heating. It is less soluble in alcoho] and other organic 
solvents. A 2 per cent (w/v) solution may be autoclaved without decomposition. 
The ethanesulphonate has been used in most of the experiments described below. 
In a few instances we have used the sulphate, which is almost identical in 
pharmacological properties, but is more soluble in water. 


Our investigations fall into five main groups: 


1. A more extensive examination of trypanocidal activity. 

2. Acute and chronic toxicity. 

3. Effects of injection in man. 

4. Absorption and excretion. 

5. Actions upon circulation, respiration, and the nervous system. 


METHODS 
Trypanocidal activity 

The methods used for testing drugs against Trypanosoma cruzi have been outlined 
in Part II of this work. In the present extended tests, larger groups of animals were 
used and the experiments were continued for longer periods. The peripheral blood 
of treated animals was examined for trypanosomes both by fresh cover-slip prepara- 
tions, and by stained thick smears. In addition to the strain of T. cruzi used in the 
experiments recorded in Part II we have also used a strain isolated recently in Uruguay 
and kindly given to us in infected Triatoma bugs by Professor R. V. Talice. 


Toxicity 

Acute toxicity was determined by subcutaneous, intraperitoneal and intravenous 
injection into mice and rabbits. Chronic toxicity was investigated by giving repeated 
subcutaneous doses to young mice; the rate of growth was recorded, and the tissues 
examined histologically when the animals were killed two months later. A more 
elaborate experiment was made upon rabbits, in which determinations of the haemo- 
globin concentration, and red and white cell counts were made at intervals during 
the treatment, and biopsies of liver and kidney were made for histological examination. 
Blood urea determinations were also made after injection into rabbits, a dog and man. 
Local irritant activity was estimated by intracutaneous injection into guinea-pigs. 


Absorption and excretion 


Method of assay.—Carbidium ethanesulphonate has a primary aromatic amino- 
group in the 3-position and may therefore be diazotized with nitrous acid: subsequent 
coupling with N-naphthylethylenediamine furnishes an azo-compound which is pinkish- 
purple in colour and can be estimated colorimetrically. The method used was a modifi- 
cation of that described by Short (1948) for the determination of dimidium bromide 


(i) Determination in blood.—1 Ml. oxalated blood was laked in 3 ml. distilled wate: 
in a small conical flask ; 9 ml. saturated sodium chloride solution and 3 ml. 95% alcoho! 
were added and the mixture was allowed to stand for 5 min.; 4 ml. N-HCI were ther 
added with shaking, and after standing for a further minute the precipitated protein 
was removed by filtration through paper (Whatman No. 41). 10 MI. filtrate wa 
mixed with 0.3 ml. aqueous sodium nitrite solution (0.1 g./100 ml.); after 3 min 
0.3 ml. aqueous ammonium sulphamate (0.5 g./100 ml.) was added. After a furthe 
3 min., 0.1 ml. N-naphthylethylenediamine dihydrochloride (0.1 g./100 ml.) in 5 pe 
cent ethyl alcohol was added. After standing 20 min. for full development of colou 
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\e azo-compound was shaken out with | ml. butanol. The butanol layer was separated 
y centrifuging and the colour estimated in a Spekker absorptiometer with 0.5 ml. 
ells and a green filter (No. 605 Ilford). 

This method gave 80-100 per cent recovery (determined by adding known amounts 
{ drug to blood, extracting, and reading from a standard curve prepared with aqueous 
olutions of carbidium ethanesulphonate). 

(ii) Determination in tissues—For tissues, the method used was to grind up the 
organs thoroughly with sand and dilute to a suitable volume (10 to 30 ml.) with water ; 
5 ml. suspension was taken, and 11 ml. of a mixture of three parts of saturated sodium 
chloride solution and one part of 95 per cent alcohol were added. The mixture was 
acidified with 4 ml. N-hydrochloric acid and allowed to stand in water at 80° C. for 
5 min. in order to get the precipitated protein to flocculate. The liquid was filtered 
through a Whatman No. 41 paper and 10 ml. of the filtrate were taken for diazotization 
by the method described above. 

(iii) Determination in bile—Samples of bile (1 to 2 ml.) were diluted to 5 ml. 
with water and treated in the same way as tissue suspensions. 

No appreciable “ blank” values were given by any tissues except the alimentary 
tract, by faeces and by the urine of rabbits. The variable nature of the blanks given 
by the excreta made it difficult to be sure how much drug was leaving the body by 
these routes. 

Blood concentration.—Samples of blood were taken from the ear veins of rabbits 
at intervals after intravenous doses of carbidium ethanesulphonate. In mice, concen- 
trations were determined in heart-blood removed from groups of animals killed at 
intervals after injection. 

Tissue concentration.—Young rats were injected with doses of 7.5 mg./kg. of 
carbidium ethanesulphonate and groups of two or four killed at intervals. The tissues 
were assayed for the drug by the method described above. 


Excretion—Urine and faeces were collected from rabbits and from mice injected 
with the drug. Excretion in bile was investigated in rats and rabbits. The animals 
were anaesthetized with ether, the abdomen was opened in the midline and the common 
bile duct identified. It was dissected free from the portal vein and a cannula of glass 
capillary or of fine polythene tubing was tied into the duct and the bile collected. 
One or two initial samples were collected at intervals of 5 or 10 min. and then a dose 

{ drug was given into the jugular vein or intramuscularly. The bile was collected 
| fractions at intervals of 5 to 30 min. and assayed for carbidium ethanesulphonate. 

Excretion was also investigated by ultraviolet light. The drug fluoresces a bright 

ange colour, and this property was used to follow visibly the fate of the drug after 

jection. 
Pharmacological effects 

Rabbits or cats were anaesthetized with pentobarbitone or chloralose, or were decere- 

ated under ether. Blood pressure was recorded from the carotid or femoral artery. 

espiration was recorded by Gaddum’s method (1941). Kidney volume was measured 
/ putting the organ in a plethysmograph and recording with a tambour ; an estimate 
the renal blood flow was made from time to time by occlusion of the renal vein 

r a period of five seconds and measuring the dilation of the kidney which ensued. 

leen volume was measured by plethysmograph and tambour. Cardiac volume was 

-orded with a cardiometer and piston recorder. Duodenal movements were recorded 

the living animal by tying in a cannula attached to a closed vessel of saline, and 

asuring the pressure in the vessel with a tambour. The action upon isolated strips 


eg 
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of gut was determined by adding solutions of the drug to the fluid bathing the tissu 
in an isolated organ bath. The effect upon the isolated heart was measured by injectin 
drug into the cannula by which the heart was perfused through the coronary circt 
lation. The effect on the isolated frog’s heart was recorded by Straub’s method. Th 
action upon blood vessels was demonstrated upon the isolated perfused hind-limbs « 
a rat, the outflow being recorded with a Stephenson drop-recorder (1948). The actio, 
upon the knee jerk was recorded by the method of Schweitzer and Samson Wright (1937). 

In mammalian experiments, doses of drug were usually given by injection into 4 
cannula tied in the jugular vein. 


RESULTS 

1. Activity against T. cruzi 

The difficulties of using infections of T. cruzi for quantitative assays have already 
been described in Part II of this work. The tendency of the infection to become 
chronic made it essential to compare treated animals with untreated infected controls 
in every experiment. Also, in the course of our experiments, we have found that the 
effect of a drug depends upon the intensity and the stage of development of the 
infection. A heavy inoculum generally gave a heavy infection, which was rather 
more resistant to treatment than an infection produced with a lighter inoculum. 
The greatest effect of a drug was obtained when the drug was given before trypano- 
somes appeared in the peripheral blood ; the later in the course of the infection 
that treatment was begun, the less effective the treatment became. 7. cruzi under- 
goes multiplication only in the tissues, and not in the blood stream. As the infection 
progresses, oedema of the tissues is produced by blocking of lymphatics, although 
Collier, Fulton, and Innes (1942) were unable to demonstrate histologically that the 
trypanosomes were directly responsible for this lymphatic obstruction. In such 
circumstances, it may be that a drug introduced into the circulation does not 
penetrate into the tissues so efficiently, and some of the intracellular parasites may 
escape an effective concentration of drug. Nevertheless, a drug of high potency 
should cause all trypanosomes to disappear from treated animals. Unfortunately 
such a substance has yet to be discovered. “ Chagavlon” (the British equivalent 
of Bayer 7602 Ac), which has been tried in the field for the treatment of Chagas’s 
disease, causes disappearance of trypanosomes from mice for several weeks, but 
in our experience, even repeated courses of treatment fail to prevent relapse of 
some of the animals. The action of carbidium ethanesulphonate is similar. 
Some mice are cured of the infection so far as we can judge from exami- 
nation of fresh and stained thick smears, and subinoculation into uninfected 
mice. Others, although they may remain alive long after the contro] animals have 
died, continue to show an occasional] parasite in the peripheral blood, which may 
mean that tissue forms are entrenched somewhere in the body where the drug 
cannot penetrate. So far, however, we have not been able to produce a strain which 
is demonstrably more resistant to treatment than the original one. 


Table I shows the effect of the drug when given at the least favourable time in 
the course of the disease in mice. There is no doubt of the activity of carbidivm 
ethanesulphonate, and it may prove to be of use in the treatment of Chagas’s dise’ s¢ 
in man, especially at the acute stage. The drug is not effective when given by mou 4. 
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2. Toxicity 

Acute.—After intravenous injection of lethal doses in mice, rats, and rabbit 
the animals ceased to breathe, became cyanosed, gave a few convulsive movement 
and gasps, and died. The hind limbs were often extended. The LDSO by intravenou 
injection for mice was 10 mg./kg. and it appeared to be about the same for rabbit: 
Young animals were more tolerant than older ones ; larger doses could be given b: 
slow administration ; there were no delayed deaths. It was found that a dose o 
7.5 mg./kg. could be given intravenously without ill effects, and could be repeate: 
daily for at least 10 days in both mice and rabbits. By subcutaneous injection i: 
mice the LDSO was 130 mg./kg., and by intraperitoneal injection 40 mg./kg. 

Chronic. (i) Mice.—Five daily intraperitoneal doses of 25 mg./kg. given to a 
group of ten mice caused six of them to die within a week. One was killed by 
accident. The remaining three were killed and showed fibrous adhesions in the 
peritoneal cavity ; one mouse showed evidence of intestinal obstruction by a band 
of these adhesions, which were evidence of the local irritant activity of the drug. 
The livers, spleens, and kidneys of the mice were apparently normal. 

Daily subcutaneous doses of 50 mg./kg. into ten mice for ten days caused irrita- 
tion at the point of injection, and at the end of treatment the area was beginning 
to break down. During treatment the mice ceased to grow, but their weights began 
to increase immediately the doses were stopped. Five of the mice died during 
treatment ; one was ill and was killed on the 13th day. The remaining four lived 
apparently in good health until the 68th day, when they were killed. Mice which 
died during treatment showed no yellow staining of any organs except the upper 
part of the small intestine. The mice which were killed after 68 days had patches 
upon their backs where the fur had not grown after the irritation produced by the 
drug had healed, and there was some induration of the tissues. All had enlarged, 
dark spleens. The livers of two were rather pale; the other two were normal in 
appearance. Two animals had hydronephrotic kidneys on the left side, but this 
is a not uncommon finding in old mice. All the other organs were normal. Méicro- 
scopically there were no significant changes in liver or kidneys which could be 
attributed to the effects of the drug. 

(ii) Rabbits —A rabbit weighing 2.6 kg. was given ten doses of 7.5 mg./kg. of 
carbidium ethanesulphonate intravenously during a period of 14 days. The drug 
was given as a | per cent (w/v) solution in water, into the ear vein. Transient 
respiratory depression and slight cyanosis occurred after each dose ; the effects were 
maximal when the dose was given quickly. Transient muscular weakness also 
occurred. A week after the last dose, the animal was anaesthetized with ether and 
a piece of the liver was removed for the preparation “of sections. The macroscopic 
appearance and histology were normal. Eight weeks later, the animal was killed 
and the liver and kidneys examined. The liver showed a few microscopic foci of 
infection, but there were no changes which could be attributed to the action of the 
drug. The kidneys were normal. 

For a more critical examination of the toxic effects of the drug, six young litter- 
mate rabbits were divided into two groups of three. Each animal was kept in a separ ite 
cage and was weighed twice a week. At the beginning of the experiment, a fragment 
of liver was removed from each animal under ether anaesthesia and sections wre 
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spared. One of the groups was then given a course of 10 daily doses of 7.5 mg./kg. 
carbidium ethanesulphonate intravenously (0.75 per cent (w/v) solution in water). 
ie other group was kept as a control and injections of sterile saline were given instead 
the drug. Determinations of the haemoglobin concentration, red and white cell 
unts were made at intervals during treatment, and are recorded in Table II and 


TABLE II 
THE BLOOD-PICTURE OF RABBITS TREATED WITH CARBIDIUM ETHANESULPHONATE 





Days from beginning of experiment 


15 18 22 32 39 49 


Rabbit 
No. 8 11 








Doses given: | 
(i.v.) 


u——_~,--—- — | 
7.5 mg./kg. daily 


Se alee 
7.5 mg./kg. daily 





Biopsies at 
arrows: 





Haemoglobin) 
(°¢ Sahli) | 











Red cells 
(millions) 








rs) 

White cells O | 
thousands) |_———_|___|- 
per pl. 








ig. 1. The treated animals gained weight at the same rate as the controls and there 
vere no significant changes in the blood picture. A second liver biopsy showed no 
istological differences between the two groups. The animals had by now doubled 
leir initial weights, and a second course of injections was started. The immediate 
‘actions to the doses were more pronounced than with the first series. One animal 
10. 5) unfortunately received a dose of the drug into the tissue of the ear instead of 
ito the vein. The ear swelled and there was oedema of the side of the face and of 
ne conjunctiva of the same side. Part of the ear became necrotic and was sloughed 
ff ; the face and eye recovered completely. Some weight was lost during this period 
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CONTROLS TREATED and the anima 

Saline Sofine appeared unwell fo 
about ten day: 
Doses were stoppe: 
WEIGHT -, after only five ha 
been given to thi 
% 100 = rabbit in the secon: 
90} Pre > tee w— course ; the rest o 
ce HAEMOGLOBIN the animals rece.ved 
the full course of 
ten injections. One 

oe Lo f them died im- 
sof PUR NLA : sili: ax 0 
J . mediately after the 
- RED CELLS last dose of the 
ZO series, which was 


thou- * given too rapidly. 
rons i \ A hed /\ Autopsy showed a 
— FT : . liver normal in 


O ere ene appearance and kid- 
neys stained bright 
Fic. |.—The effect of intravenous doses of carbidium ethanesulphonate yellow with the 
on the growth and on the blood of rabbits. 6 litter-mate rabbits were drug. The histology 
used; 3 were given two courses each of 10 daily doses of 7.5 mg./kg. of these organs was 
and 3 were given similar treatment with saline. Liver biopsies were normal. No gross 
taken before treatment and after each course. Kidney biopsies were ; 
taken after the second course. The curves show no significant effects Pathological changes 
upon haemoglobin, red cells, or white cells. were detected in any 
other organs. The 
muscles contained 20 yg. carbidium ethanesulphonate per gram. When the second 
course of injections was completed, biopsies were taken of the livers and kidneys oi 
the surviving animals. One of the controls died from reactionary haemorrhage in the 
kidney area. All biopsy specimens were normal, except for the kidney of the rabbit 
which had had necrosis of the ear. In this animal there was considerable damage 
to the renal cortex with destruction of the glomeruli, and fibrosis. Some of the nephrons 
showed evidence of obstruction lower down. The blood urea level of this animal was 
91 mg./100 ml.; that of the other treated rabbit was 50 mg./100 ml. and of the two 
surviving controls, 51 and 55 mg./100 ml. respectively. These lesions might well have 
resulted from the effects of the necrosis of the ear, because this was the only anima! 
in which we had been able to demonstrate such an effect. Nevertheless, the possibilit, 
of damage to the kidney must be borne in mind in any study in which phenanthridinium 
compounds are administered to man. 

(iii) Observations upon the blood urea.—Wien (1946) showed that subcutaneous 
injection of 10 mg./kg. of dimidium bromide caused a rise in the blood urea of 
rabbits. In view of the fact that carbidium ethanesulphonate belongs to the same 
class of compound, and of the findings recorded above, rabbits were given dai’ 
intravenous injections of 5 mg./kg. of carbidium ethanesulphonate, and the blood 
urea was determined. The results of a typical experiment are shown in Table |'!. 
There was a significant rise in blood urea, which fell again when the treatment w’s 
discontinued. A transient, slight albuminuria was observed in one animal after ‘°c 
first dose. A liberal water supply prevented any albuminuria with subsequent do: 





kg. 
20} 


LO) t_ biopsies _f 
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TABLE IiIl 


BLOOD UREA OF A RABBIT DURING TREATMENT WITH CARBIDIUM ETHANESULPHONATE 
(5 MG./KG. INTRAVENOUSLY) 





Days: | 








Doses of drug: | 5 mg./kg. daily 








} 


Blood urea, mg. per 100 ml... | | / 104 | 100 | 120 #8 % | — | 2 


| 





A dog with initial blood urea of 20 mg. per 100 ml. which received four daily 
intravenous doses of 2 mg./kg. of the drug showed an increase of blood urea to 
64 mg./100 ml. after the last dose. There was no albuminuria. 


Local toxicity—From the above experiment on rabbits, it was evident that 
carbidium ethanesulphonate had an irritant action when injected into the tissues. 
This was most marked with concentrated solutions, and any strength above 0.1 per 
cent (w/v) caused redness and oedema after subcutaneous injection. The limiting 
necrosing concentration after intracutaneous injections in the guinea-pig was about 
0.0001 per cent; higher concentrations than this when injected in quantities of 
0.05 ml. caused an easily detectable area of redness. No ill effects were observed 
after careful intravenous injection and it was possible to give at least 10 daily 
injections of 7.5 mg./kg. into the tail-veins of mice without causing thrombosis of 
the vessels or necrotic effects. Similar irritant activity was observed for the sulphate, 
chloride, and methylsulphate. 


3. Effects of injection in man 
Intramuscular injection—2 Ml. of 0.5 per cent (w/v) solution of carbidium 
sulphate were injected into the right deltoid muscle. The sensation upon injection 
was Only that of the tightness which follows any intramuscular injection ; there was 
no pain or stinging. On the following morning the muscle was slightly swollen and 
snder, and warmer than the normal side. In the evening the swelling was definite 
ind tender to pressure. The arm felt stiff as after heavy labour, and there was some 
welling also of the lateral and upper parts of the pectoralis major and triceps. 
‘here was a tired feeling in the forearm, and very slight tingling over the sensory 
rea supplied by the ulnar nerve. On the second day the swelling was much 
sduced and gradually disappeared, leaving only a slight tenderness to pressure over 
‘he site of injection, which persisted for two or three weeks. 


Intravenous injection.—8 Ml. of 0.5 per cent (w/v) solution were injected intra- 
enously in 20-25 seconds. The blood pressure fell very slightly and the pulse rate 
ncreased slightly. The pulse was back to the initial value five minutes after the 

‘njection. A bitter taste was perceptible before the injection was complete, and 
asted for two hours. The only other effect was a flushing and feeling of warmth 
n the face, especially in the malar region and the sides of the neck, which persisted 
or three and a half hours. This is probably evidence of the peripheral dilatation 
ilso observed in other animal experiments. There were no subjective sensations in 
‘he abdomen, and a large meal was eaten three hours after the dose. Sleep was 
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TABLE IV 


BLOOD LEVELS OF CARBIDIUM ETHANESULPHONATE AFTER REPEATED INTRAVENOUS INJECTIONS 
OF 7.5 MG./KG. INTO A 2.6 KG. RABBIT 





No. of |—— — e 
dose Before Immed. 
dose _ | after dose 


Day 


15 min. 


Blood concentration, mg. per 100 ml. 


30 min. 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


S 
.S 
oO | 


0 1.22 
0.005 3.80 
0.10 1.80 
0.05 1.24 
0.09 1.08 
-— 3.68 
0.17 4.24 
0.24 1.96 
0.18 8.40 

1.60 


N 


AN=OooCeouUAN= 
SCO AIAUNARWH 
ooo-os, so 
AYN f— | Ww 
NlOnOh Na 


_ 


0.43 
0.26 


0.10 





* Levels at 4, 6, and 9 hr.: 0.24, 0.16, and 0.11 respectively. 


INTRAVENOUS 





INTRAMUSCULAR 


Vite of - == 
injection a 


) 


recovered 
fe) 


N 
ie) 


5 


Liver 





ge of dose 


> 
ie) 


SUBCUTANEOUS 


Percenta 
w 
re) 





Site of 
injection 











Hours after dose 
Fic. 2.—Tissue concentrations of carbidium 
ethanesulphonate after injection of doses of 

7.5 mg./kg. into young rats. 


unaffected, and no effects were observed 
after the flushing of the face had passed 
off. The blood urea, which was 35 mg. 

100 ml. four and a half hours before the 
dose, fell to 26 mg. one hour after the 
injection, then rose to 51 mg. two and a 
half hours later, but it had fallen to 
32 mg. by the next morning. There was 
a very faint cloud of albumin in the urine 
collected overnight, but no red cells or 
casts could be found in the deposit. No 
symptoms or signs of late toxicity de- 
veloped during the following four months. 


4. Absorption and excretion in laboratory 
animals, 


Blood concentrations. — In rabbits 
which received 7.5 mg./kg. of carbidium 
ethanesulphonate intravenously, the high- 
est concentration in the blood occurred 
immediately after injection ; the height 
observed depended upon the rate at 
which the blood sample was withdrawn. 
The greatest value obtained was 8.4 mg. 
100 ml. The concentration then fell 
rapidly and very little could be detected 
twenty-four hours after the dose. How- 
ever, a slight rise in the blood level ws 
found twenty-four hours after a dose 
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wards the end of a series of 10 doses, as shown in Table 1V. When injections 
vere given intraperitoneally or subcutaneously no drug could be detected in the 
reripheral blood by the method used, although low concentrations were undoubtedly 
resent. 

In an experiment with mice the pooled blood of animals injected with 7.5 mg./kg. 
intravenously contained 0.54 mg./100 ml. immediately after the injection ; a quarter 
of an hour later 0.20 mg./100 ml. was present but none was detectable half an hour, 
three quarters of an hour, two or four hours later. 


Tissue concentrations.—The percentages of the dose recovered from rat tissues 
after intravenous, intramuscular, and subcutaneous injections are recorded in 


TABLE V 


DISTRIBUTION OF CARBIDIUM ETHANESULPHONATE AFTER INTRAVENOUS, INTRAMUSCULAR, AND 
SUBCUTANEOUS INJECTION INTO RATS (GUT FIGURES ARE CORRECTED FOR “* BLANK ”’) 





| 
Percentage of dose recovered at intervals after injection. Means in parentheses 
Tissue — —_—_-- $ 
5 min. } hr. 1 hr. 4 hr. | 24 hr. 


3.3, 4.1 (3.7) 








Route 





Liver 16, 11(13.5) 9.8, 4.4 (7.1) 7.7, 7.2 (7.45) 





"Kidneys 13, 1112.0) 2.0, 3.5 (2.75) 


Gut 14, 3 (8.5) 


17, 8 (12.5) 6.8, 7.6 (7.2) 





29, 20 (24.5) 3, 21 (12.0) 28, 10 (19.0) 





Spleen Trace Trace Trace Trace 





Intra- 


venous Trace 


1.2, 1.2 G2) 


Brain Trace | Trace 





Lung Trace Trace 





Muscle (0.5 g.) Trace Trace Trace 





Trace 0 


8.6, 5.0, 4.0, 5.3 (5.73) | 0 


Heart 


Liver 


3.5, trace (1.75) 





6.5, 6.7 (6.6) 





rr 6.0 (5.15) 3.7, 5.0, 6.4, 5.7 (5.20) 0 


55.0, 30.0, 6.0, 7.0 (24.5) 11, 14 (12.5) 


Kidneys 


Gut 22, 18 (20.0) 





11, 10(10.5) 





3.7, 3.7 (3.7) 2.8, 1.8 (2.3) 
Intra- 


muscular 





Brain - 0 0 


0 0 
0 0 
Lung 0 0 0 0 
0 0 
0 0 








Muscle (0.5 g.) 0 Trace 





Heart 2.3, t.2G2) 


15, 13, 20, 26 (18.5) 


Trace 





Site of injection 31, 33 (32) } 32, 31 G15) | 33,28 (30.5) 





Liver 


0 


$.1, 32, 7.5, 6.8 CS) 


| 0 





Kidney 


0 


2&, 2.2, $2, 33 GS 


.8, 1.0 (1.4) 





Gut 


38, 0 (19.0) 


28, 53 (40.5) 





Spleen 
Sub- 


0 





utaneous | Brain 


0 





Lung 





Muscle (0.5 g.) 





Heart 


Trace 


Trace 





Site of injection 


17, 40, 21, 21 (24.8) 


12, 8, 20, 15 (13.8) 


.5, 3.4 (3.45) 


0 
0 
0 
0 
0 
0 
0 
0 
0 
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Table V and in Fig. 2. There were considerable differences between individual 
animals, but it is clear that the drug appeared in the liver and kidneys quite soon 
after injection ; it also appeared in considerable quantities in the alimentary canal. 
Traces were found in the spleen, heart, and lungs. The drug disappeared more 
rapidly from the site of injection after subcutaneous than after intramuscular adminis- 
tration. The figures given for the amount of drug in the alimentary canal are only 
approximate, because of the variable “blank” value obtained with the guts of 
untreated animals, but the main trend of the observations is clear. The average 
“ blank ” amounted to the equivalent of about 1.1 mg. of carbidium ethanesulphonate 
per kg. of rat, that is, about 15 per cent of the dose given. All the figures in 
Table V have been corrected accordingly. 


Excretion.—Collection of the urine of rabbits showed that if any of the drug 
is excreted by this route, it is only a very small amount. None at all could be 
detected in the urine collected from a group of 10 mice in an all-glass metabolism 
cage, after doses of 7.5 mg./kg. given either intravenously or subcutaneously. Heat- 
ing the urine with alkali or acid, in order to hydrolyse any metabolic derivative, also 
failed to reveal any of the drug. 

It was noted in the toxicity tests that animals which died during treatment 
showed a yellow staining of the upper part of the alimentary tract. This suggested 
that the drug was excreted by the liver into the bile, and further experiments 
confirmed that this was so. 

Table VI shows the results of typical experiments in which bile was collected 
under anaesthesia. It will be seen that after intravenous injection the drug began 
to appear in the bile within a few minutes. The rate of excretion increased to a 
maximum at about half to one hour after injection, and then gradually declined. 
At the end of four or five hours, about a quarter of the dose given had been 
recovered from the bile. After intramuscular injection, a steady and prolonged 
excretion occurred, showing that the drug was being passed out by the liver as 
soon as it was absorbed from the site of injection. 

Carbidium ethanesulphonate also has the useful property of fluorescing a bright 
orange colour in ultraviolet light. This property was used to follow visually the 
fate of the drug after injection. Anaesthetized, or freshly killed rats, rabbits, and 
cats were observed under the beam of a mercury vapour lamp screened with Wood’s 
glass. Within two minutes of intravenous injection into a rat, the bile was seen 
to fluoresce with the characteristic orange colour of the drug and it continued to 
do so for several hours (until the end of the experiment) thus confirming the results 
of chemical assay. The upper part of the small intestine also fluoresced because of 
the bile which it contained, and segments of the fluorescent material could be seen 
passing down the gut. When the orange fluorescence reached the caecum it became 
more difficult to trace because of dilution with the caecal contents, and also because 
the lower ileum often contained material which fluoresced a deep red and maske« 
the orange of the phenanthridinium compound mixed with it ; this red fluorescence 
was present in normal animals which had not received the drug. The liver always 
fluoresced a warm orange colour after injection of the drug, and in rabbits whic) 
had received a course of injections, the muscles also had a definite yellow shee”. 
Single doses were insufficient to give a recognizable fluorescence in the muscles. 
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TABLE VI 
EXCRETION OF CARBIDIUM ETHANESULPHONATE IN THE BILE OF RATS AND RABBITS 





Rabbits 








: ; Time after : ; 
(1.v.) injection (i.v.) (im.) 
pg. in bile (mia.) | pg. in bile pg. in bile 


Time after 
injection 
(min.) 


_— " a |— 
| 





 —hn' 


—20 to —10 0 
5 to0 


—10 tod 0 





0-5 

5-10 
10-15 
15-20 
20-25 
25-35 
35-45 
45-55 
55-65 
65-75 


0-10 | 160 

10-20 | 500 
20-30 | 260+ 
30-40 460 
40-50 360 
50-60 360 

| 60-70 360 

| 70-80 230 

| 80-90 250 

| 


NWMcerIC=NA| oo 
—OoRDAA~A—NNCO a» 


50-100 200 
}— ——| 103110 180 
| Total = 73.7ug. 110-120 180 
| Injected = 700) ‘120-130 160 

ug. | 130-140 170 
Recovered | 140-150 130 

10% in75min.| 150-160 140 
160-170 a 
170-180 Total = 4,100 ug. 
180-190 | Injected = 20,000 
190-200 ug. 
200-210 Recovered = 
210-220 20% in 160 min. 
220-230 
230-240 
240-250 
250-260 
260-270 
270-280 
280-290 
290-300 
300-310 
310-320 
320-330 
330-340 








Total = 2,533 pg 
Injected =- 24,000 pg. 
Recovered = 10% in 

340 min. 














At about the same time as the drug became detectable in the bile, the kidneys 
also began to fluoresce. The fiuorescence became more and more intense and was 
most marked in animals which had received a large amount of drug intravenously 
during the recording of effects upon the blood pressure and respiration. In such 
experiments total quantities of 200 mg. or more have been given, and this is sufficient 
to make the kidneys bright yellow under ordinary illumination. The fluorescence 
was confined to the cortex of the kidney ; none appeared in the medulla, and none 
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in the urine. In some experiments the urine was seen to fluoresce a faint blue-green 
colour, but the characteristic orange-yellow colour was never seen to pass beyond 
the cortex in a living kidney. In two rabbits and a cat, after repeated doses of 
drug, the aorta was exposed and 5 ml. of a 5 per cent (w/v) solution of methylene 


Fic. 3.—The effect of carbidium ethanesulphonate upon respiration and blood pressure. Rabbit 
?,3.6kg. Pentobarbitone. Time signal = 60 sec. At (a) 1 mg. carbidium ethanesulphonate, 
intravenously; at (5) 7.5 mg., at (c) 15 mg., and at (d) 20 mg. 


i 
| 


Fic. 4.—The. effect of carbidium ethanesulphonate upon heart volume and blood pressure. Rabbi‘, 
$, 2.6 kg. Pentobarbitone; artificial respiration. Time marker: 10 sec. At (a) 10 u 
adrenaline: rise in blood pressure and diminution of heart-volume. At (5) 10 ug. acetylcholin 
fall in blood pressure and dilation of the heart. At (c) 2 mg. carbidium ethanesulphonate : 
little effect on blood pressure and diminution of heart volume. At (d) 4 mg. carbidium ethan - 
sulphonate: small fall in blood pressure and diminution of heart volume. At (e) 15 m-. 
carbidium ethanesulphonate: fall in blood pressure, and arrest of heart in diastole. 
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ue was injected into it so that it passed into the renal arteries. Examination of 
ie cut surfaces of the kidneys under the ultraviolet lamp then showed the inter- 
‘bular vessels and glomeruli clearly defined as a dark purple pattern among the 
juorescent tubules. Although there was so much drug in the cortex of the kidney, 
here appeared to be no diversion of the blood supply from the cortex. Frozen 
sections of these kidneys, observed under the microscope by ultraviolet light, 
confirmed the fact that the drug was present in the cells of the tubules. 


5. Pharmacological actions 

Effect upon blood pressure and respiration——Small doses of carbidium ethane- 
sulphonate (0.25 —2 mg./kg.) caused a transient fall in blood pressure. Larger doses 
(2-4 mg./kg.) usually caused a small rise followed by a more prolonged fall. The 
blood pressure returned to its initial level within about 5 minutes (Fig. 3). Some- 
times the rise in blood pressure was more prominent than the fall; this was most 
likely to be observed after a considerable amount of drug had already been given 


iG. 5.—The eflect of carbidium ethanesulphonate upon the spleen, kidney, respiration, and blood, 
pressure. Cat, 3 kg. Pentobarbitone. Time marker—10 sec. At (a) 7.5 mg. of carbidium 
ethanesulphonate intravenously. The spleen dilated a little, the kidney constricted after a slight 
dilation. The constriction was parallel to the drop in blood pressure. The blood flow through 
the kidney was diminished as shown by the heights of the peaks on the volume recording. 
These — wa by occlusion of the renal vein for 5 sec. at each arrow. The respiration 
was inhibited. 
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and the blood pressur2 was low. The fall in blood pressure was less marked wh 
the blood was well oxygenated. 

Small doses caused a transient fall in the rate and amplitude of respirati: 
followed by a compensatory increase. With large doses (more than 4 mg./kg.) t 
respiration sometimes ceased altogether, but the animal could usually be kept ali 
by artificial respiration until normal breathing was re-established. The drug s' 
produced these effects after denervation of the carotid sinuses and section of the va 


Effect upon the heart.—In anaesthetized animals, very little direct effect upon 
the heart was observed, even after doses large enough to paralyse the respiration. 
In a rabbit in which the heart volume was recorded with a cardiometer, a dose of 
2 mg./kg. caused a diminution of heart volume similar to that given after a dose 
of 4 »g./kg. of adrenaline, although the systemic blood pressure fell, presumably «s 
a result of peripheral vasodilation (Fig. 4). There was no change in heart rate. 
A large dose (6 mg./kg.) caused arrest of the heart in diastole. 

Upon the isolated perfused rabbit heart, small doses had no effect, and the very 
large dose of | mg. injected into the cannula was required to arrest the heart beat. 
It resumed beating feebly and slowly after a time, and was restored to normal 
rhythm and amplitude by a dose of 2 ng. adrenaline. A similar action was observed 











Fic. 6.—The efiect of carbidium ethanesulphonate upon kidney volume and blood flow, respiration, 
and blood pressure. Rabbit,¢,3 kg. Pentobarbitone. Time marker—10 sec. At (a) 7.5 mg. 
of carbidium ethanesulphonate intravenously. At the arrows, the renal vein was occluded {or 
periods of 5 sec. and the peaks produced on the record show the rate of blood flow. The flow 
was abolished at the trough of the fall in blood pressure; during the rise, there was a compe! 
tory increase in flow. The kidney constricted after a slight initial dilation. (See also Fig. >.) 
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up a perfused frog’s heart with a concentration of 0.05 g./100 ml. of carbidium 
et nesulphonate in Ringer. Frog hearts were stained yellow by the drug. One 
fro. heart showed heart-block after three doses of the drug. 


“fect upon the spleen volume.—The usual effect of the drug was to cause 

dilitation of the spleen of the cat (Fig. 5). The organ probably takes part in a 
gencral vasodilatation produced by the drug. In one exp2riment, where a small rise 
insiead of a fall of blood pressure was. observed in an animal under artificial 
respiration, the spleen diminished in volume. A transient diminution in volume 
was also observed early in the same experiment with a small dose of drug which 
was insufficient to produce a fall in blood pressure. 
Effect upon perfused vessels —When injected into the cannula supplying Ringer- 
’ Locke solution to the hind limbs of a rat, or a rabbit’s ear, the drug produced a 
slight vasoconstriction. The amount of carbidium sulphate required to give a definite 
reduction in flow was about 0.5 mg. 


J Effect upon the kidney.—The effect upon kidney volume was to cause a small 

! dilatation followed by a constriction which corresponded approximately with the 

| fall in blood pressure. The blood flow through the kidney was greatly reduced 

j during the fall in blood pressure; there was a compensatory rise in the rate of 
flow when the blood pressure began to rise again (Figs. 5, 6). The changes in the 
kidney are therefore probably secondary to the effect upon the blood pressure. 
This was confirmed in an experiment in which the fall in blood pressure produced 
by the drug was mimicked by the slow infusion of acetylcholine ; the renal blood 
flow was correspondingly reduced. 





Effect upon the intestine —Intravenous injection of carbidium ethanesulphonate 
into a cat caused a strong stimulation of the duodenum. The stimulation was not 





| Fi The effect of carbidium ethanesulphonate upon isolated rabbit duodenum. Tracing (1) at 
. : ), | in 10 million acetylcholine; at (c), 1 in 6,250 carbidium ethanesulphonate. The e‘fect of 
a ? etylcholine was reduced in the presence of the drug. Tracing (2) at (4), 1 in 400,000 histamine; 
“ (c), | in 25,000 carbidium ethanesulphonate. The drug caused relaxation of the gut and 
olished the action of histamine. Both responses recovered after the carbidium ethanes ulphon- 
¢ had been washed out. 
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prevented by atropine and was therefore probably a direct action upon the musck 
The action was much less marked upon the duodenum of the rabbit than upon tha 
of the cat, and sometimes a very slight relaxation occurred. 


In the isolated organ bath, movements of the rabbit’s duodenum were inhibite< 
and the muscle relaxed, at a concentration of | in 25,000. The drug also cause 
inhibition of contractions produced by acetylcholine or histamine (Fig. 7). Wit 
the isolated guinea-pig ileum, the action of the drug was to cause a slight, slow! 
developing contraction, and an increase of spontaneous movements. The action 
histamine upon a piece of ileum treated with carbidium ethanesulphonate wa 
reduced. 


Effect upon the knee-jerk reflex.—Doses of drug which were sufficient to depres 
the respiration had no effect upon the knee-jerk. Doses which caused complete 
arrest of respiration gave the same effect, of stimulation followed by depression o| 
the reflex, as was produced by simple asphyxia (Fig. 8). 








Knee) erk 


Blood Pressunhe 


Fic. 8.—The effect of carbidium ethanesulphonate upon the knee-jerk, respiration, and blood 
pressure. Cat, ¢, 2.9 kg. Chloralose. Time marker 10 sec. At (a) 10 mg. carbidium 
ethanesulphonate intravenously. There is a fall in blood pressure and inhibition of respiration 
but no effect upon the knee jerk. At (+) 25 mg. carbidium ethanesulphonate. The blood ; 
pressure fell to zero, and the respiration ceased. The knee-jerk was abolished after an initial f 
increase. The cat was artificially respired for 3 min., and the blood pressure, respiration, and 
knee jerk recovered. At (c) the trachea tube was occluded. The effect of asphyxia upon the 

knee jerk was identical with the efiect of carbidium ethanesulphonate at (5), showing that the 

drug had no specific action upon the reflex. 
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SUMMARY 


1. 3-Amino-9-p-carbethoxyaminophenyl-10-methylphenanthridinium ethanesul- 
; 1onate (“ carbidium ethanesulphonate ”’) is active against Trypanosoma cruzi infec- 
tons in mice. It usually prevents the death of the animals but does not always 
. adicate the infection. 


2. The drug does not appear to cause any permanent damage to liver or kidneys, 
Jthough the blood urea level is raised during treatment. It produces necrosis if 
njected subcutaneously or intramuscularly, but is well tolerated intravenously in 
repeated doses. 


3. Carbidium ethanesulphonate is concentrated in the liver and kidneys; it is 
excreted principally in the bile. 


4. The drug produces a fall in blood pressure and depression of the respiration. 
Although concentrated in the kidney tubules, it does not appear to exert any specific 
effect upon the renal circulation. It has no apparent action upon the nervous 
system, as judged by the knee-jerk reflex. 


Our thanks are due to Miss S. Pluthero and Miss G. Lewis for assistance with the 
trypanosome tests, to Messrs. E. Rogers and P. Bradley for the biochemical estimations, 
and to Mr. H. Richards for assistance with the physiological experiments. 
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From the beginning of experimental pharmacology in the nineteenth century, 
much attention has been paid to the action of the digitalis glycosides by observers 
such as Schmiedeberg, Gottlieb, and Cushny, in an endeavour to determine their 
action in heart failure. They agreed that all digitalis glycosides act on the heart 
itself, and in consequence they called them cardiac glycosides. Since the work of 
Harrison and Leonard in 1926 a series of observations has been made which has 
been taken to indicate that the main action of digitalis is not on the heart but 
elsewhere in the body. This action is such that a fall in pressure occurs in the 
right auricle believed to be due to diminished venous return. This, it has been 
suggested, would produce beneficial effects in a manner similar to venesection. 
McMichael has been a notable exponent of this view, he and his colleagues having 
made many observations in man by the method of right heart catheterization. In 
a lecture given two years ago (McMichael, 1948) he described observations on the 
effect of g-strophanthin, or ouabain, which differed from those he had previously 
made when using digoxin. He concluded from these that ouabain in fact exerted 
“a direct stimulating action on the human heart in certain cases of failure,” which 
“can be seen in some instances to be independent of any significant venous-pressure- 
reducing effect.” He considered, however, that “so far as digoxin is concerned 
it is the venous-pressure-reducing effect which predominates,” and that a direct 
stimulant action on the heart plays a much less important part. 


When previous work is consulted, it is found that experimental observations 
on cardiac output have been made with ouabain, and none have been made with 
digoxin. In pharmacological teaching it has been usual to assume that both sub- 
stances act alike, and to say that, because ouabain can stimulate cardiac muscle, 
digoxin can do the same. In view of McMichael’s work we felt that it was right 
to investigate whether the assumption was justified, and we therefore undertook 
the investigation now to be described. We have used the Starling heart-lung pre- 
paration of the dog and have investigated the effect of ouabain and digoxin when 
the heart was failing, taking as an indication of failure a steady fall in the cardiac 
output. One series of experiments was performed in which ouabain was injecte: 
and a second series was performed in which digoxin was injected. 
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METHODS 


Heart-lung preparations were made in the usual way under chloralose anaesthesia, 
h.parin being used as the anticoagulant. The mixture for artificial respiration consisted 
o: 95 per cent O, and 5 per cent CO, ; 0.05 unit insulin and 100 mg. glucose were 
added to the circulating blood at 20 minute intervals throughout the course of each 
experiment. In some experiments the right auricular pressure was recorded by a water 
manometer attached to a cannula inserted into the inferior vena cava. In others the 
outflow from the coronary sinus was obtained by means of a Morawitz cannula. The 
way in which the heart was damaged varied. In some experiments thiopentone or 
pentobarbitone was added to the blood in the venous reservoir. This addition was 
continuous until the end of the experiment, so that any improvement observed after 
the glycoside injection must have been due to the injection and not to a lessening of 
the barbiturate effect. In other experiments the preparation was allowed to deteriorate 
spontaneously, the process usually being accelerated by providing a high peripheral 
resistance or by raising the venous reservoir, within which the level of blood was kept 
constant by an overflow tube and pump, as in the work of Biilbring, Burn, and Walker 
(1949). Doses of digoxin or ouabain were injected into the rubber tube leading to 
the superior vena cava. 

RESULTS 


Experiments with ouabain.—The result of an experiment with ouabain is shown 
graphically in Fig. 1. The upper record is that of the cardiac output directly 
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Fic. | (Exp. 5).—Upper 
graph shows cardiac 
output in c.c./min. 
changing with the 
age of the prepara- 
tion. Lower graph 
shows the _ right 
auricular pressure in 
mm.H,O. Thiopen- 
tone was added to 
the venous reservoir 
at a uniform rate 
throughout the ex- 
periment. The 
venous reservoir was 
raised during the 
periods shown by the 
black squares. Note 
the steady fall in 
output and rise in 
right auricular pres- 
sure before the in- 
jection of 0.1 mg. 
ouabain. Note the 
increase of output 
and fall in right | m a a : a : 
auricular _ pressure 160 180 200 220 240 
after the injection of 
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measured in 10 second periods and the lower record is that of the right aurict 
pressure in mm. H,O, both records beginning when the preparation had alre: 
been working for 2 hours 20 minutes. For periods of 5 minutes, indicated by 
black squares along the abscissa, the venous reservoir was raised by 3 cm., so 

there was increased venous inflow to the heart and in consequence a rise in car 
output. Failure was produced in this experiment by the addition of thiopent 
(Pentothal) to the venous reservoir at a uniform rate. A total of 66 mg. was ad 
during 96 minutes previous to the injection of ouabain, and the addition c n- 
tinued at the same rate during the remainder of the experiment. In consequerice 
the cardiac output (as measured with the venous reseive r in the lower position) 
fell from 625 c.c. per minute at the beginning of Fig. 1 to 492 c.c. per minute «i a 
time 49 minutes later. Ouabain was injected in the amount of 0.1 mg., and siice 
the volume of blood in circulation was one litre the injection was equivalent to 
the injection of 0.5 mg. ouabain into a man with five litres of blood. 

The effect of the ouabain in increasing the cardiac output and decreasing the 
right auricular pressure is clearly shown in the Figure ; with the venous reservoir 
in the lower position, the cardiac output rose from 492 to 650 c.c. per minute in 
20 minutes and was maintained at about this level for a further 20 minutes. During 
this 40 minute period the right auricular pressure fell from 39 to 29 mm. Likewise 
if the cardiac output is considered when the venous reservoir was in the higher 
position, the maximum output was 702 c.c. per minute before the injection of 
ouabain, and 840 c.c. after the injection. 

These figures, however, do not represent the whole effect of the ouabain. As 
can be seen by careful inspection of Fig. 1, the cardiac output was falling steadily 
during the 40 minutes prior to the injection. If the injection had not been given 


TABLE I 
RESULTS WITH OUABAIN 
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Output c.c./min. Time 
Dose increased after Per cent Mean 
Exp. (mg.) | injection increase increase 
From | To | — (min.) 
1 0.15 225 430 18 91 91 
2 0.15 395 540 10 36 28 
320 390 24 21 
3 0.1 305 375 4 23 37 
235 355 19 51 
4 0.1 320 350 14 9 9 
5 0.1 425 655 20 54 73 
385 665 30 73 
330 630 46 91 
6 0.1 375 470 25 25 25 
7 0.1 520 605 12 16 14 
495 535 24 8 
460 540 33 17 
8 0.1 240 300 6 25 25 
9 0.1 453 530 5 17 17 
10 0.2 366 485 15 32 35 
325 450 24 38 
11 0.1 450 560 28 24 24 
0.1 710 11 
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it s reasonable to assume that the output would have continued to fall at a rate 
nt less than that before injection ; since thiopentone was accumulating in the blood 
it s probable that the rate of fall would have been greater. However, assuming the 
sime rate of fall, it is possible to obtain an approximate estimate of what the 
output would have been without the injection of ouabain by drawing a line through 
the points for the output before the injection (taking those when the venous reservoir 
was in the lower position) and continuing it to the right. By extrapolating in this 
way through the points in Fig. 1 recorded during 33 minutes before the injection 
an output of 330 c.c./min. is obtained 46 minutes after the injection, when the 
output actually observed was 630 c.c./min. Thus at that point it can be said 
that the output was 91 per 

cent greater than if ouabain 800, | 
had not been given. 


Results for all the ex- 
periments with ouabain 700) 
have been calculated in | 
this way and are given in 
Table I. For many of the 600; 
experiments more _ than 
one calculation has been 
made at different times 
after the injection. The per- 
centage increase in the out- 
put is shown for each cal- DIGOXIN 
culation, and the mean in- 0.2 MG 
crease for each experiment bei als 
is shown in the lastcolumn. 
It is clear that the quanti- 
tative expression of the 
action of ouabain thus 
obtained can be only 
pproximate because of 
ihe uncertainty inherent in hie 
extrapolation. | However, 100 + a d 

no experiment either a : 

ith ouabain or with . 
goxin was there doubt | 90 | + 65 
the direction of the " 
trapolation. Thus it was 
ssible to obtain figures fl OU | x 
r the effects of oua- 120 140 160 180 
in and = for those 
digoxin in order 


see if they were Fic. 2 (Exp. 20).—A similar record to that in Fig. 1 showing the 

a similar order of effect of digoxin in increasing the output and reducing the 

Be right auricular pressure. The dose of digoxin was equivalent 
ignitude. to only half that of ouabain used in Fig. 1. 
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Experiments with digoxin——Experiments were carried out in a precisely simi! 
manner with digoxin, and on the whole similar results were obtained. The dose 
digoxin injected was 0.2 mg. in all save one experiment, and in comparison with tic 
dose of ouabain used this was too small, as will be discussed later. Fig. 2 is a 
record of an experiment similar to that of Fig. 1, though the effect of the digoxin 
was less prolonged than that of the ouabain. At the beginning of the record the 
preparation had been working for 100 minutes, and the cardiac output was falling 
because of the addition of thiopentone to the venous reservoir. During 123 minutes 
before the injection of digoxin, 44 mg. thiopentone was added. As Fig. 2 shows, 
the cardiac output (measured with the venous reservoir in the lower position) fell 
from 580 c.c./min. to 438 c.c./min. at an almost uniform rate during 47 minutes. 
When digoxin was injected the output slowly rose to a figure of 504 c.c./min. 
24 minutes later. Similarly, the right auricular pressure, which had been steadily 
rising in the 47 minutes before injection from 64 to 78 mm. H,O, fell after injection 
to 69 mm. at the point of maximum output. The injection of digoxin maintained 
the output above the value at the time of injection for 35 minutes, after which the 
preparation failed rapidly, owing to the thiopentone which was still being added to 
the reservoir. 

Other examples of the effect of digoxin in increasing the cardiac output are 
shown in Figs. 3 and 4. In both of these the venous reservoir had been raised to 
such a height that the cardiac output at the beginning of the two records was 1,000 c.c. 
and 1,100 c.c. per minute respectively. With thiopentone infusion this output at 
first fell steeply and then less steeply, the rate of fall becoming approximately linear. 
Digoxin was then injected in a dose of 0.2 mg., after which the output rose and was 
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reservoir was previously raised so that the 

output was high, but it fell rapidly at first Fig, 4 (Exp. 16).—Another experiment simila 
and then more slowly. 0.2 mg. digoxin was to that in Fig. 3. 

then injected. 
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TABLE II 
RESULTS WITH DIGOXIN 
| Output c.c./min. Time | 
” Dose increased after | Per cent Mean 
» F (mg.) | injection increase increase 
From To (min.) 
13 0.2 | 750 840 16 12 17 
653 795 58 2 
94 0.2 894 906 - 8 1 1 
16 | 0.2 745 900 16 21 38 
635 885 37 | 39 
490 755 64 54 
17 0.2 630 890 4 41 41 
18 0.2 1,055 1,165 14 10 9 
1,040 1,122 23 8 
19 | 0.2 683 755 8 10 11 
630 705 15 12 
20 0.2 365 505 23 38 36 
350 470 | 28 34 
21 | 0.4 150 270 18 80 80 
22 0.2 335 372 16 11 11 








WE 


maintained above the level at injection for one hour in Fig. 3 and for 45 minutes 
in Fig. 4. The effect of the injection on the cardiac output is shown by the difference 
between the recorded output and the dotted line showing the expected output in 


the absence of digoxin. 


The results in the experiments with digoxin are set out in Table II, drawn up 
in the same way as Table I, and they resemble the results in Table I quite closely. 
Of the nine experiments in Table II, four show that digoxin produced a good 
increase in Output, and four that it produced a moderate increase of about 10 per 
cent. The results indicate that the effect of digoxin on the cardiac output was 
substantially similar to that of ouabain, and that both exerted a stimulant action on 


the heart muscle. 


TABLE III 


DURATION OF EFFECT (MIN.) 








OQuabain Digoxin 
Exp. 1 52 Exp. 13 58 

2 26 15 10 
3 more than 23 16 65 
4 17 y 
5 more than 71 18 34 
6 19 15 
7 44 20 33 
8 more than 23 21 more than 40 
9 15 22 20 
10 60 

11 more than 46 

12 6 

Mean 35 Mean 31 
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Duration of effect—Table III shows the duration of the action in minut 
of the ouabain or digoxin given in each experiment. The period was calculat 
from the injection to the point on the output record at which a rapid drop ; 
in. Thus in the experiments shown in Figs. 1—4, the duration was taken as (1) mo 
than 71 minutes, (2) 33 minutes, (3) 58 minutes, and (4) 65 minutes. The me 
duration for ouabain was 35 minutes and 31 minutes for digoxin, but the results f 
ouabain include four of which it can only be said that the duration of action 
exceeded a certain time, and therefore the actual duration of the ouabain effet 
probably exceeded that of the digoxin effect by more than the difference in thie 
means. 


DISCUSSION 


Observations on the heart-lung preparation with digitalis or its glycosides have 
been made by Bodo (1928), Gremels (1933), and Cohn and Steele (1932). Bodo 
did not record the changes in output, but instead he recorded the changes in cardiac 
volume. He found that the addition of digitalis tincture or of digitalis infusion to 
the system diminished the cardiac volume, but without altering the difference between 
the diastolic and systolic volumes. From this observation he concluded that digitalis 
exerted a tonic effect on the ventricles, so that they worked at a shorter length of 
fibre, but maintained the same output per beat. 

Gremels investigated the action of lanadigin, which like digoxin is a pure 
glycoside from Digitalis lanata. He observed that in a heart-lung preparation which 
was spontaneously deteriorating, the addition of lanadigin diminished the oxygen 
uptake while the output rose slightly ; thus lanadigin increased the efficiency, since 
more work was done with a smaller expenditure of energy. 

Cohn and Steele (1932) determined the effect of digitan on the output in 23 
heart-lung preparations. Using a dose of 0.02 g./kg. they observed an increase 
in output in 16 experiments. In one experiment the output rose from 230 to 
360 c.c./min. within 10 minutes, and then to 620 c.c./min. after 10 minutes more ; 
after another 20 minutes, the output fell to 500 c.c./min. They observed corre- 
sponding changes in the right auricular pressure, which fell when the output 
rose. 

In the experiments described in this paper, digoxin acted like ouabain and 
caused an increase in the output of the failing heart. The effects observed were of 
the same order of magnitude, although the doses were dissimilar, namely, 0.2 mg. for 
digoxin and 0.1 mg. for ouabain. In B.P. 1948 the maximum intravenous dose of 
ouabain is 0.25 mg. and the corresponding dose of digoxin is 1.0 mg. Moreover, 
White (1934) found that in both the frog and the cat the toxicity of ouabain was 
four times as great as that of digoxin. Therefore we might well have used twice 
the dose of digoxin. Since the blood volume was always about | litre, the injection 
of 0.2 mg. digoxin may be regarded as equivalent to the injection of 1 mg. in man. 
Since 0.25 mg. ouabain is injected in man, the corresponding dose for the heart- 
lung preparation would have been 0.05 mg. In spite of the relatively low dose of 
digoxin there was evidence in almost every experiment that the cardiac muscle wa: 
stimulated with the result that the output rose. Hence the conclusion can be drawn 
that there is no more reason to suspect an extra-cardiac site of action for digoxin 
than there is for ouabain. 











of 





DIGOXIN AND OUABAIN ON HEART-LUNG 313 


What is then to be said of McMichael’s different conclusion that while the main 
ei ect of ouabain is on the heart, that of digoxin is due to a reduction of venous 
pressure by an extra-cardiac action ? In his lecture (McMichael, 1948) he illustrates 
the effect of ouabain by a record from a patient who received 1 mg. by intravenous 
injection, and the effect of digoxin by two records in each of which 1.5 mg. was 
given. It is certainly true that the dose of digoxin was too small for a proper 
comparison of the two drugs. It is fair to suggest that had McMichael used 4 mg. 
digoxin as a single dose, he might have observed just as striking an effect on cardiac 
output and work as he did with 1 mg. ouabain. 

In discussing the action of digoxin, McMichael divides patients with heart failure 
into two classes—those with high output, e.g., patients with anaemia and emphysema, 
and those with a low output as in valvular disease. Several patients with heart 
failure in lung disease have been investigated by Howarth, McMichael, and Sharpey- 
Schafer (1948). In five of these the intravenous injection of digoxin resulted in a 
fall of right auricular pressure; the cardiac output rose in two of these, and fell 
in the other three. Fig. 2 of their paper records the effect of digoxin in one patient 
with heart failure due to emphysema in whom the cardiac output fell from 6.46 to 
4.2 litres per minute in 7 minutes after the injection. So rapid and so great a fall 
is most difficult to understand, and we are led to wonder whether the method of 
determining the cardiac output is reliable in such a case. In using the Fick equation 
Bayliss and McMichael (1950) say that the measurement of oxygen uptake is not 
made simultaneously with the withdrawal of the mixed venous sample of blood, 
but that it is done at the beginning of the observations, and they state that this is 
justified because when the oxygen uptake is redetermined at the end of the experi- 
ment the coefficient of variation has been found to be +5 per cent. This may be 
true for normal subjects, but it may not be true for patients in heart failure due to 
emphysema. We are therefore inclined to doubt whether the fall in cardiac output 
of over 2 litres per minute, which the method indicated to have occurred 7 minutes 
after injection, actually took place. 

Recently Wood and Paulett (1949) have investigated the action of digoxin, by 
methods similar to those used by McMichael, in four patients with congestive heart 
failure with normal rhythm, and in twelve patients in whom the venous pressure 
was raised because of anaemia, thyrotoxicosis, acute nephritis, artificial hydraemia, 

nd chronic constrictive pericarditis. In the patients with heart failure the injection 
' 1.5 mg. digoxin caused a fall in right auricular pressure and a rise in output, 

hut in the other patients who had no heart failure the injection had no effect on 

‘he right auricular pressure in 40 minutes. In some the cardiac output fell, but 
lis Was attributed to the fall in pulse rate. Wood and Paulett conclude that 
goxin in doses of 1.5 mg. intravenously does not primarily lower the venous 
ressure and suggest that its effect on the venous pressure in congestive heart failure 
may yet depend upon its direct action on the heart, as originally believed.” 

We have now shown in experiments on the failing heart of the heart-lung pre- 
iration that digoxin does stimulate the heart in the same manner as ouabain. It 
erefore appears to us reasonable to suppose that digoxin acts in heart failure as 
ie digitalis glycosides have long been considered to act, namely, as direct stimulants 
{ heart muscle. 
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SUMMARY 


A comparison has been made of the effects of ouabain and digoxin in the hear: 
lung preparation of the dog. The work was undertaken because of the conclusion, 
reached by some workers that, while ouabain acts as a direct cardiac stimulant, th: 
effect of digoxin is different. It has been suggested that the action of digoxin is not 
on the heart, but is primarily concerned with a reduction of venous pressure. 
Hitherto no observations have been published with digoxin in the heart-lung pre- 
paration, and indeed very few observations have been made with any digitalis 
preparation. We have compared digoxin and ouabain and have observed in the 
failing heart-lung preparation that both these glycosides stimulate the heart and raise 
the cardiac output in a similar way. 


We are grateful to Mr. H. W. Ling for his invaluable assistance. The work was 
supported by a grant from the Medical Research Council to E.M.L. 
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Animals given substances with thyroid activity show a reduced resistance to 
anoxia (Duran, 1920), and Smith, Emmens, and Parkes (1947) have used this effect 
in a method of thyroid assay based on the survival times of mice in closed jars. 
We have used it for comparing the activities of thyroxine and some of its deriva- 
tives. We find it relatively simple to carry out; the results it gave have been 
confirmed in clinical trials, both with sodium thyroxine and with the N-formyl 
derivative (Hart and Maclagan, 1950). 


We were particularly interested in two questions: has solubility an important 
effect on the activity of thyroxine and has thyroxine enhanced activity in the dried 
glandular extract? For this purpose a number of preparations of synthetic 
thyroxine and its derivatives were prepared (Clayton and Hems, 1949) and examined 
for thyroid activity. This paper records the results obtained biologically. 


PROCEDURE 


Throughout the whole of the experiment the mice were kept in a thermostatically 
controlled incubator room at a temperature of 25.5° + 1°. For each experiment use 
was made of male fawn mice of the GFF strain, weighing between 18 and 24 grammes, 
listributed into groups of twenty animals to give uniform body weight representation. 
Usually six groups, at ascending dose levels, were employed, three for the standard 
and three for the test preparations ; a further twenty mice were kept as controls. 


The doses were administered on three alternate days, every animal in a group 
ceiving the same dose irrespective of body weight and the volume of the solution 
jected being the same for all groups. All compounds for assay were either suspended 
1 0.9 per cent sodium chloride solution or dissolved in 0.01 M-sodium carbonate 
olution containing 0.9 per cent sodium chloride. 

On the second day after the final injection the groups of ten mice were sealed 
1 glass jars and the time of sealing was recorded. We used 32-0z. wide neck, screw- 
pped clear bottles, with soft paraffin smeared on the neck to ensure a complete 
val. The volumes of the jars ranged from 980 to 1,020 ml., and they were randomly 
stributed., The time of survival was recorded for each individual mouse, the end- 
oint being the last visible respiration, which is almost invariably preceded by marked 
erminal convulsions. 
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FiG. 1.—Dose response curves for two samples of 
sodium thyroxine and a standard preparation. 
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TABLE I 
ANALYSIS OF VARIANCE OF THE RESULTS PLOTTED IN FIG. | 
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As standard throughout we have used the pure sodium salt of synthetic DL-thyroxin 
The dose levels used for the standard wer 
generally 5, 10, and 20 mug. per mouse per injection. In the investigation of ne 


derivatives a preliminary probing te 

was carried out on two groups of t 

mice with dose levels of 20 and 100 » 

of test substance per mouse at eac 

injection, the doses of test substance 
used in the subsequent full assay being 
based on the results. 


RESULTS 


Responses to thyroxine.—The re- 
sults of a typical comparison of two 
samples of thyroxine sodium with 
the standard preparation are shown 
in Fig. 1 and their analysis in 
Table I. Estimates of the activities 
and their respective fiducial limits 
(P=0.95) are shown in Table II. 
Examination of the results from a 
series of experiments indicates that 
distribution of survival times within 
a group is skew ; of the various con- 
versions tried, log-time gave the 
least skew and sharpest peak (Fig. 2). 
Hence the metameter log-time ()) 
was adopted for calculation of re- 
sults. Relative activities, together 
with their fiducial ranges, were cal- 
culated by the method of Bliss and 
Marks (1939) and the errors of the 
slopes according to Irwin (1937). The 
dose response lines tended to be shal- 
low, the mean slope, b, relating units 


































Residual error 






Degrees Mean 
Source | of freedom square | F | P 
Between controls and treated groups | l | 22,107 | 402 | <0.001 
Between samples es i 2 893 | 16 <0.001 
Common linear regression | 12,779 232 < 0.001 
Departure from parallelism 2 99 | 1.8 | NS. 
Curvature 4 ; 3 | mY 0.93 N.S 
Other orthogonal effects 4 
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TABLE II 
RELATIVE ACTIVITIES OF SAMPLES OF THYROXINE SODIUM BY THE SUBCUTANEOUS ROUTE 
a iducial limits 
Sample Activity F (P — 0.95) 
andard e i ae Taken as 1.0 — 
imple A .. ee = 24 1S? 1.27 to 1.85 
ample B .. — oc = 1.61 1.34 to 1.97 
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iG. 2.—Distribution curves for different transformations of survival time from data for a series of 
experiments. Log-time gives the least skew and sharpest peak. 


{ increase in y per tenfold increase in dose, from five separate assays of thyroxine 
odium by the subcutaneous route being - 20.8 with a standard error (P=0.95) of 
+3.1. The mean value for s/b was 0.35, from which it was calculated that to 
chieve an accuracy of +20 per cent (P=0.95) it would be necessary to employ 
240 animals on the standard (i.e., 80 at each of three dose levels) and the same 
number on the test preparation. Results accurate enough for our particular purpose 
could, however, be obtained on a quarter of this number. By the oral route the 
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slopes were even shallower, b being - 14.8 and s/b -0.48. Owing to the hig! 
significant departure from parallelism it was not possible to make valid compariso 5s 
of activities by the oral and parenteral routes. There is some indication ti. .t 
DL-thyroxine sodium in the mouse is about half as active orally as parentera! y. 
This would suggest a wide species difference in the oral effectiveness of thyroxine, 
since Bailey, Bartlett, and Folley (1949) calculated that for the cow the oral parente: a] 
activities of L-thyroxine sodium are approximately 16: 1. 


Thyroxine derivatives——In Table III the relative thyroid activities of a number 
of thyroxine derivatives by the oral and subcutaneous routes are given. To 
relate solubility with activity we have when possible included solubilities in the 
Table. Of all compounds examined, the most active was the mono-sodium salt of 
thyroxine. No correlation was evident between the solubilities of the derivatives and 
their activities, with the possible exception of free thyroxine and its mono-sodium 
salt. The higher activity of the mono-sodium salt compared with that of free 





TABLE III 


ACTIVITIES AND SOLUBILITIES OF SOME DERIVATIVES OF DL-THYROXINE BY THE SUBCUTANEOUS 
AND ORAL ROUTES 


Activities in terms of thyroxine sodium (standard) taken as unity. The figures in parentheses 
represent the maximum daily dose (in micrograms), given three times, that produced no 
significant effect. 
































| Activity | Solubility in 
aS geet water (25°) 
Derivative | Subcutaneous Oral route | g./100 g. 









route 











Thyroxine sodium (standard) - vat 1.0 | 1.0 0.0003 









Thyroxine (free acid) “ ‘i a 0.2 | 0.25 < 0.0001 
0.66 









Methyl ester 











Ethyl ester 0.51 









N-carbamido thyroxine Inactive (80) Inactive (80) 


















ee, kk ek 0.33 | 0.23 | 0.16 
0.33 0.27 
0.33 
























N-Acetyl 








N-Carboxy-formyl] 








| 
| | 
N-B-Carboxy-propionyl .. efi .. | Inactive (80) | Inactive (160) | 0.95 
> 
| 
| 












N-Phthalyl Inactive (40) 




















O-Methyl 0.49 0.50 —- 
O-Carboxy-methyl 0.12 ins nes 








3: 5-Diiodo-4-(3’ : 5’-diiodo-4’-hydroxy- 
phenoxy) hydrocinnamic acid .. 








Thyroxamine *" ‘a a ‘ts | Inactive (1,000) — —- 


Inactive (320) ~ — 
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thyroxine is in accord with the clinica] results of Thompson, Thompson, Dickie, 
aid Alper (1933) for patients with myxoedema and with the more recent studies 
o| Monroe and Turner (1949) on the domestic fowl. We did not, however, find 
the disodium salt more active than the mono-sodium salt, which is in agreement 
with Monroe and Turner but not with Thompson et al. 


Solutions and suspensions of thyroxine—The relative activity of free thyroxine 
and its mono-sodium salt might be due to differences in solubility. We have com- 
pared the activity of a solution of sodium thyroxine in 0.01 M-sodium carbonate 
solution with a suspension of it in 0.9 per cent sodium chloride solution. There was 
no significant difference (Table IV). 


TABLE IV 


COMPARISON OF A SUSPENSION AND A SOLUTION OF THYROXINE SODIUM BY THE SUBCUTANEOUS 
AND ORAL ROUTES 


Activity of suspension (standard) taken as unity for both routes 


























| Activity of Activity of solution in 0.01 M-Na,CO, 
_ Suspension ——— — = 

Route gg m= ae Estimate syne ys 
Subcutansous sw. tit 1.0 | 1.035 | 0.69-1.49 
noms moan mens mee as | — 0.78-1.75 





Free thyroxine could only be given as a suspension. We found that the activity 
of free thyroxine was increased with decrease in particle size, but this was not 
true for suspensions of the sodium salt (Table V). This suggests that the lower 
activity of free thyroxine is due to its insolubility and that decrease in particle size 
enhances the activity by aiding absorption. 

The relative potency of L- and DL-thyroxine-—We next turned to the relative 
activity of L- and pL-thyroxine ; this matter has been reviewed by Pitt Rivers and 
.erman (1948) and by Griesbach, Kennedy, and Purves (1949). We compared the 
activity of L-thyroxine sodium, synthesized by the method of Chalmers, Dickson, 


iks, and Hems (1949) [(a) x ~5.7° in ethanol and N-sodium hydroxide (2 : 1)] 
ith standard pi-thyroxine sodium (Borrows, Clayton, and Hems, 1949). By the 


TABLE V 


INFLUENCE OF PARTICLE SIZE ON THE ORAL ACTIVITY OF SUSPENSIONS OF FREE THYROXINE AND 
ITS MONO-SODIUM SALT 


























Suspension | — Activity 
Thyroxine sodium .. ae 74 Taken as 1.0 
29 0.87 
‘Thyroxine (free acid)  .. | 158 a Taken as 1.0 
39 4.47 
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TABLE VI 
COMPARISON OF L- AND DL-THYROXINE BY THE SUBCUTANEOUS AND ORAL ROUTES 
Activity of pL-thyroxine sodium taken as unity for both routes. 














Subcutaneous route | Oral 
Substance ¥ ——— oo oN 
| Activity | ‘an | Activity ope 
DL-Thyroxine sodium .. 1.00 | 1.00 — 
L-Thyroxine sodium 2.09 1.24 = 22 2.34 1.83 —3.0 








subcutaneous route we found the L-isomer to be twice as active as the DL-mixture 
(Table VI) and closely similar results were obtained from oral administration, in 
accord with the findings of Foster, Palmer, and Leland (1936) and of Reineke and 
Turner (1943 and 1945). The results suggest that the D-isomer is inactive, but it 
would be unwise, in view of the large experimental errors involved, to draw final 
conclusions from these results, especially as a number of workers have found 
D-thyroxine active in man (Salter, Lerman, and Means, 1935; Pitt Rivers and 
Lerman, 1948). We have not yet been able to examine the pure D-isomer by this 
method. 


Activity of thyroxine in dried glandular extracts——It has been supposed that 
thyroxine is less active by the oral route alone than when combined with thyroid 
protein, owing to the insolubility and poor absorption of the free hormone (cf. 
reviews by Harington, 1933 ; Means, 1937 ; Elmer, 1938 ; and Salter, 1940). How- 
ever, the results obtained are conflicting, probably because of the varied biological 
methods employed and their large inherent errors, and also owing to the possible 
unspecificity of chemical tests for thyroxine in materials containing protein. Few 
workers have found good agreement between physiological results and chemical 
assays based on either total iodine or acid-insoluble iodine determinations (Gaddum 
and Hetherington, 1931 ; Wokes, 1938). 

We have determined the activity of one commercial sample of Thyroid B-P. 
by the mouse anoxia method. The sample, assayed by the British Pharmacopocia 
(1948) acid insoluble iodine method, contained 0.11 per cent of iodine in combina- 
tion as thyroxine. The results from three separate assays are shown in Table VII. 


TABLE VII 
COMPARISON OF SYNTHETIC DL-THYROXINE SODIUM AND THYROID B.P. BY THE ORAL ROUTE 




















aa Fiducial limits 
Substance Activity (P — 0.95) 
DL-Thyroxine sodium . . i - 1.00 — 
Thyroid B.P. Ist assay “i - 2.05 1.56-2.64 
Thyroid B.P. 2nd assay wa wa 1.61 0.89-2.56 
Thyroid B.P. 3rd assay a ba 2.03 1.824.11 
Mean | anal 2.22 1.80-2.€8 
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he thyroxine present in the glandular extract appears twice as active as the 
-thyroxine sodium standard, a result to be accounted for on the assumptions that 
yroxine in the gland is entirely in the L-form and that L-thyroxine is twice as 
tive as the DL-mixture. The activity of this particular thyroid powder is thus 
| agreement with its chemical thyroxine content determined by the acid-insoluble 
dine method. 


DISCUSSION 


The mouse anoxia method of Smith, Emmens, and Parkes appears to provide 
| reasonably simple and rapid method for the routine assay of thyroid preparations. 
its precision leaves something to be desired, but the results obtained appear to be 
related to clinical findings in man. Mice are, moreover, less removed from man 
in the evolutionary scale than are amphibia and would therefore seem more specific 
as test animals in this method. We find that the mono-sodium salt is the most 
active of a number of derivatives and preparations of thyroxine, free thyroxine 
itself being considerably less active. The difference is probably a question of 
absorption, free thyroxine, owing to its insolubility, being poorly absorbed (cf. 
Thompson ef al., 1933 ; Monroe and Turner, 1949). We have shown in a previous 
communication (Clayton, Free, Page, Somers, and Woollett, 1949), using thyroxine 
sodium labelled with '*'I, that absorption of this salt from the intestine does occur, 
but these studies have not been extended to free thyroxine itself. 

We have obtained no evidence that thyroxine combined with protein in the 
natural gland is more active orally than thyroxine sodium, if it is assumed that 
thyroxine in the natural gland is present as the L-compound with twice the potency 
of the racemic mixture used as the standard. 

The availability of pure synthetic L-thyroxine may make the biological assay of 
thyroid activity of less immediate therapeutic importance than hitherto. Neverthe- 
less it will remain essential for studying the relationship between chemical con- 
stitution and thyroid or anti-thyroid activity, and also indirectly for fundamental 
investigations of thyroid function. The method described here seems the best at 
present to hand for reasonably quantitative estimations. 


SUMMARY 


|. The mouse anoxia method of Smith, Emmens, and Parkes has been used for 
evaluating the thyroid activity of a number of derivatives and preparations of 
thyroxine. 

2. The most active preparation was the mono-sodium salt of L-thyroxine. 

3. By both the oral and subcutaneous routes the mono-sodium salt of L-thyroxine 
“as twice as active as the corresponding DL-compound. 

4. No evidence has been found to suggest that thyroxine combined with the 

\ural protein of the gland is more active than the mono-sodium salt of L-thyroxine, 

a weight for weight basis. 
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Recently Dawes and Mott (1950) observed that phenyl guanidine, phenyl 
diguanide, and a number of their close chemical analogues caused a transient 
fall of blood pressure and heart rate and stoppage of respiratory movements when 
they were injected intravenously into lightly anaesthetized cats. These responses 
were abolished by cutting the vagi and were attributed to an action on receptors 
in the heart and lungs. Three reflex responses were distinguished in this way: 
(i) A fall of blood pressure and heart rate due to stimulation of receptors in the 
area of distribution of the left coronary artery. This is perhaps the Bezold reflex 
(Bezold and Hirt, 1867 ; Krayer and Acheson, 1946 ; Dawes, 1947). (ii) A fall of 
blood pressure and heart rate originating from receptors in the lungs, which have 
not yet been identified. (iii) An inhibition of respiration, also originating from 
receptors in the lungs. 

Most of the compounds examined by Dawes and Mott were diguanide deriva- 
tives, but a few aryl guanidines and amidines were also found to possess appreciable 
activity. As this suggested that the aliphatic side-chain of phenyl diguanide (I) 
could be modified considerably without total loss of activity, certain isothioureas 

a) 2 SNH—C—NH-—C—NH, ay  S-++S—C_NH, 
NH NH rT % NH 

f the type shown (II) were tested. Several of these turned out to be highly active, 
0 the relationship between structure and activity has been studied in further detail. 


METHODS 


Cats under light chloralose anaesthesia (60 mg./kg.) were used for the main series 
f experiments. The trachea and a jugular vein were cannulated. Blood pressure 
as recorded from a carotid artery. Respiratory movements were recorded by a 
\odification of Gaddum’s method (Gaddum, 1941). In order to record the heart 
ite, the electrocardiogram was amplified by a conventional condenser-coupled push- 
ull amplifier with a time constant of about one second. The amplified ORS complex, 
‘ter differentiation, was then adjusted to trigger a square-wave of short duration ; 
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the latter was used to operate an impulse counter of the type described by Thorp 
(1948). In this way a record was obtained in which the height of the vertical lines 
(Fig. 1) was directly proportional to the mean heart rate integrated over 5 or II 
second intervals. The techniques employed for “exteriorizing” the heart and fo 
cannulating the left coronary artery in the cat are similar to those used by Dawe 
and Mott (1950) and were described in detail by Dawes (1947). 

About half the compounds used had been synthesized for earlier studies (Fastie 
and Smirk, 1943 and 1947; Fastier, 1948). A few were purchased. We are gratefu’ 
to Abbott Laboratories for the isothiourea derivatives A-224, A-1069, A-1070, A-1113 
to A-1128, A-1142, and A-1782 to A-1784 ; to Boots Pure Drug Co. for the isothiourea 
derivatives RD1051, RD1052, and RD1056; to I.C.I. for the thiosemicarbazides ; and 
to Professor Albert for four of the cyclic amidines. 


RESULTS 


All the compounds available were tested in the first instance to see whether 
they possessed any activity of the type expected, viz., (i) the production of a transient 
fall of blood pressure and heart rate, with inhibition of respiration, when a small 
quantity of the drug in neutral solution was injected into a jugular vein; (ii) the 
disappearance of these effects after vagotomy. 


Compounds showing little or no activity.—Some sixty of the compounds studied 
gave no indication of activity when tested in doses of up to 1 mg. These were 
(salts of) 

S-methyl, S-ethyl, S-n-dodecyl, S-n-tetradecyl, and S-n-hexadecyl isothiourea ; 

SS’-methylene, -ethylene, -tetramethylene, -pentamethylene, and -hexamethylene 
di-isothiourea ; 

the o-, m-, and p-chlorobenzyl, o-, m-, and p-bromobenzyl, p-methoxybenzyl and 
2-pyridyl S-derivatives of N:N’-ethylene isothiourea (2-mercapto-4 : 5-dihydro- 
glyoxaline) ; 

S-2-hydroxyethyl and -3-hydroxy-n-propyl isothiourea ; 

SN-propylene isothiourea, SN-trimethylene isothiourea ; 

S-methyl-NN’-diphenyl dsothiourea ; diacetyl-S-methyl isothiourea ; 

guanidine, methylguanidine, asym.-dimethylguanidine ; 

creatine and its methyl and ethyl esters ; 

O-methyl and O-ethyl isourea ; 

propionamidine ; “ Phenamidine,” “ Propamidine ” ; 

2- and 4-aminopyridine, 2-aminopyrimidine, 3-aminoindazole, 3-methyl-2-imino- 
benzthiazoline (B.D.H.) ; 

iminoazole, dihydroiminoazole ; amarin, furfurin ; 

benzylamine, 2-phenylethylamine ; benzyldimethylamine, benzyldiethylamine - 
NN-dibenzylethylamine, NN-dibenzylethanolamine ; tryptamine. 

N-benzylthiourea, N-methyl-, N-ethyl-, N-allyl-, and NNN’-trimethyl-thiourea : 
thioacetamide ; isothiohydantoin ; p-methoxybenzaldehyde thiosemicarbazone and 
its N-sec.-butyl and NN-dimethy] derivatives were also examined. 


Active amidine derivatives.—The inactive compounds listed above were eac! 
tested twice ; the remainder were tested repeatedly. Their effects on blood pressur: 
heart rate, and respiratory movements were compared with those of phenyl diguanid 
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vhich was injected at intervals throughout each experiment. An example of this 
rocedure is illustrated in Fig. 1. The dose of each isothiourea was varied until 
he depressor effect produced matched that obtained in the same animal with a 
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FiG. 1.—Cat. 3.1 kg.; chloralose anaesthesia. The record illustrates the method 
of assay. It shows S-o-chlorobenzyl isothiourea to have about half the depressor 
activity of phenyl diguanide. S-m-chlorobenzyl isothiourea is as active as phenyl 
diguanide. The slowing in heart rate after each injection is roughly proportional 
to the fall of blood pressure. 


100 »g. dose of phenyl diguanide. Although the interval between injections was 


only five minutes, there was seldom any hint of interaction between compounds or 


f cumulative effzcts, probably because the dose given was so small (cf. Fastier and 
Smirk, 1943). 

At this point it may be explained that some trouble was taken to procure con- 
current records of the effects upon blood pressure and heart rate in order to see 
whether any compounds had dissimilar actions upon these two variants. With all 
the active compounds studied, the slowing of the heart rate was proportional to the 
‘all of blood pressure (Fig. 1). There is no evidence from this point of view, there- 
ore, that we are dealing with more than one type of cardiovascular response. For 
ill active compounds the results could be explained on the basis of a single type 
f reflex cardiovascular reaction. 

Compound RDI052, which is the hydrobromide salt of 2-a-naphthylethyl 
sothiourea (III), proved to be the most active of those tested. Doses of 30--70 yg. 
mean for 10 cats, 45 yg.) sufficed to reproduce the depressor effects of 100 yg. 
Joses of phenyl diguanide. The corresponding doses for twenty other potent 
isothioureas are listed in Table I. 
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TABLE I 
REFLEX DEPRESSOR ACTIVITY OF isOTHIOUREAS 


All the compounds are of general formula RSC( -NH,)NHR’)X. The dose given in the 
last column is that which matches the depressor effect of a 100 ug. dose of phenyl diguanide. 
Each dose is the mean value for experiments on 4-8 cats (method illustrated in Fig. 1). 





Structure of isothiourea salt | 

nonin Code name | Mean dose 
R ; meg. 
2-x-Naphthylethyl .. 
m Chlorobenzy! 
m-Bromocyclohexyl(cis) 
m-Bromobenzyl] 
3-Phenyl-n-propyl .. 
“-Naphthylmethy! .. 
2-Phenylethy! 
Benzyl 5a 
o-Chlorobenzy| 
2-Thienylmethy! 
p-Chlorobenzy| 
o-Bromobenzy! 
n-Amyl a " 
R)-2-Bromotrimethylene-(R’ 
n-Butyl ie : “ee 
p-Bromobenzy 
n-Hexyl 
n-Propy! 
n-Heptyl 
Methyl oe 
2-cycloHexylethyl 


RD1052 45 
A-1116 90 
A-1128 90 
A-1122 120 

1751 120 
250 
250 
350 
400 
600 
650 
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Trivial activity was exhibited by salts of the following: S-n-octyl and S-n-nony! 
isothiourea, SN-dimethylisothiourea, SN-ethyleneisothiourea, S-methyl-N-n-hexy!- 
isothiourea, $-5-cyclohexyl-n-amylisothiourea, S-4-a-tetrahydronaphthyl-n-butyl iso- 
thiourea (IV), SN-(2-methylisothiouronium-)ethylene isothiourea, S$S’-trimethylene 
di-isothiourea and 2-aminoquinoline. Compound RD1056, the hydrochloride ot 
S-(9-phenanthryl-)methyl isothiourea, was one of several which were so insoluble that 
their activity could not be estimated reliably. 

Nature of the depressor effects —Each of the cats used for the above experi- 
ments was vagotomized while it was still in good condition. All the compounds 
which had produced depressor effects in it were then retested. They had little 
or no effect in the vagotomized animal even when the dose was raised considerably. 
It was therefore concluded that their depressor effects were dependent upon the 
integrity of the vagi ; and further experiments were undertaken to see whether they 
acted in a fashion similar to that previously described for amidine derivatives like 
pheny! diguanide. 

Active isothioureas of various types—e.g., RD1I052, A-1116, A-1128, A-175!. 
S-n-5 (Table I)—were injected directly into the cavities of the atria, ventricles, and 
major blood vessels. For this part of the work 18 cats under chloralose anaesthesia 
were used in all. Part of the results of a typical experiment are illustrated in Fig. 2 
It can be seen that the depressor responses to 50 pg. doses of RD1052 were bot! 
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|. ge and prompt when the isothiourea was injected directly into the left ventricle 
« the pulmonary artery. The same dose was ineffective after vagotomy (Fig. 2). 
| was also ineffective when with vagi intact it was injected into the arch of the 
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FiG.2.—Cat. 2.9 kg.: chloralose anaesthesia. Chest opened; artiicial respiration. Injection 
of 50 ug. of 2-x-naphthylethyl isothiourea (RD1052) into the pulmonary artery (P.A.) 
causes a greater fall of blood pressure and heart rate than an injection into the cavity of 
the left ventricle (L.V.). Both effects are abolished by cutting the vagi. 


aorta by a fine needle pushed through the vessel wall. These findings must mean 
that, as with the amidine derivatives previously studied, the sites of action are 
located in that part of the cardiovascular system which lies between the pulmonary 
artery and the aortic arch. 

The depressor effect of a small dose of one of these isothioureas was always 
maximal for an injection into the pulmonary artery (Fig. 2); sometimes the fall of 
; blood pressure was very much bigger than that obtained with an injection into the 
ivity of the left ventricle. The depressor effects of moderate doses injected into 

the right and left ventricles, or right and left atria, began in either instance within 
. o or three seconds. As Dawes and Mott (1950) have already pointed out, amidine 
i derivatives differ from members of the veratrine group in this respect. The veratrum 
kaloids also cause reflex falls of blood pressure ; but whereas the response is 
tained within two to three seconds if they are injected into the left ventricle, 
ne five to eight seconds elapse before a fall of blood pressure is obtained with an 
ection made into the right side of the heart. In contrast to the veratrum alkaloids, 
ich must act almost exclusively on receptors situated in the left ventricle (Dawes, 
7), these amidine derivatives cause a fall of blood pressure and heart rate by 
nulating receptors situated in the pulmonary bed. 
In addition, they produce a similar cardiovascular response by an action .on 
‘ptors in the area of distribution of the coronary system. Thus in two out of 
cats, doses of RD1052 which had no effect when injected into the right atrium 
duced considerable falls of blood pressure and slowing of the heart when they 
2re injected into the left coronary artery (Fig. 3). In the other three cats, small 
ses Of RD1052 caused just as strong depressor effects when injected into the right 
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atrium as when they were injected into the left coronary artery. This may well ha\ 

been due to the preponderant effect of the reflex arising from the pulmonary bec 

since the drug after injection into the left coronary artery is rapidly carried throug 

the coronary circulation to tl 

right side of the heart. In all ca 

injection into the cavity of the le’! 
ventricle still produced a fall ot! 
blood pressure and heart rate, 
though usually a smaller one than 
that se2n on injection into the right 
side of the heart; this response 
was not obtained on injection into 
the ascending aorta. 

The fall of blood pressure which 
is seen after an intravenous injec- 
tion of one of the active amidine 

RDIOS2 | derivatives is due not only to 

25g slowing of the heart but also to 

reflex vasodilatation. Fig. 4 illus- 

trates one of a series of experi- 

ments carried out with J. Vane, 

FiG. 3.—Cat. 3.8 kg.; chloralose anaesthesia. Chest to whom we are most grateful for 
opened: artincialrespiration. Leftcoronary artery Said he ae 

cannulated and perfused from left carotid. Injection the use of his system for perfusing 

of 25 ug. of 2-x-naphthylethyl jsothiourea(RD1052) the cat’s hind-limb (which will be 

at J min inervals causes fall of blond presure described elsewhere). From Fig. 4 

artery (L.C.); the same dose has no effect on it will be seen that a 50 pg. dose 

injection into the cavity of the right auricle (R.A.), of RDIOS2 injected intravenously 

but a much greater effect on injection into the : 

pulmonary artery. caused a large fall of blood pres- 

sure accompanied by vasodilata- 

tion in the hind-limb, and that both effects were abolished by cutting the vagi. The 

same dose injected directly into the artery supplying the hind-limb also caused 

vasodilatation. This was a direct action of RDI052 on the blood vessels and was 

not abolished by vagotomy ; but it represents the effect of a far greater local con- 

centration of the drug than that encountered after an intravenous injection. A 
number of other aryl isothioureas were found to behave similarly. 

Some of the active compounds were also tested on rabbits under urethane or 
pentobarbitone (Nembutal) anaesthesia. Their circulatory effects in rabbits were 
similar to those observed in cats, but small though still appreciable falls of blood 
pressure were obtained after cutting the vag. 


t 


Influence of the anaesthetic—Two cats which had been lightly anaesthetized with 
pentobarbitone reacted in the same way as cats under chloralose when such com- 
pounds as RD1052, S-Bz, and S-n-5 were injected intravenously ; so did three others 
which had been decerebrated under ether at the level of the tentorium cerebelli. 
On the other hand, the injection of pentobarbitone (20 mg./kg.) into three cats which 
had already been lightly anaesthetized with chloralose (60 mg./kg.) and were 
responding well to the injection of various isothioureas rendered the animals almo*t 
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sensitive to the compounds. These observations confirm the view of Dawes and 
lott (1950), that the depth of anaesthesia has a greater influence than the nature 
f the anaesthetic. 


BLOOD PRESSURE 


_V_ sec. 





FiG. 4.—Cat. 4.4 kg.; chloralose anaesthesia. Both carotid 
arteries were cannulated and blood supplied from them to the 
left femoral artery by a pump which enabled both perfusion 
pressure and rate of flow to be recorded. Blood pressure 
was recorded by cannulating a brachial artery. The 
tracings show the effects of 50 ng. doses of 2-x-naphthylethyl 
isothiourea (RD1052) given intravenously at V, before and 
after vagotomy (performed at X). 


Effects upon respiratory movement.—The compounds which were found to cause 
reflex fall of blood pressure and heart rate usually produced an equally striking 
nhibition of respiratory movement. Typical responses in the cat are shown in 
igs. 1, 5, and 6. This effect too was abolished by vagotomy. Most of the 
othioureas examined caused stronger inhibition of respiratory movement than did 
/henyl diguanide when given in equidepressor doses (Fig. 5)—it will be recalled that 
ie effects upon heart rate were similar for equidepressor doses. 

To localize the site of action in the cat, the heart was “exteriorized ” in six animals 
| the manner described previously (Dawes, 1947). Fig. 6 illustrates typical results. 
njection of a 50 pg. dose of RD1052 into the pulmonary artery caused an inhibition 
{ respiration abolished by cutting the vagi, but a similar injection into the cavity 
f the left ventricle or aorta had little or no effect. If the dose of isothiourea was 
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Fic. 5.—Cat. 2.4 kg.; chloralose anaesthesia. In equi- 
depressor doses, injected intravenously, x-naphthylmethy! 
isothiourea (RDIOS1) causes a transient inhibition of 
respiration while phenyl diguanide has the reverse effect. 
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Fic. 6.—Cat. 3 kg.; chloralose anaesthesia. The heart was “‘exteriorized’’ to permit di cct 
injection into its cavities and the great vessels; spontaneous respiration restored. A dos of 
50 wg. of 2-x-naphthylethyl isothiourea (RD1052) caused strong inhibition of respiration on 
injection into the pulmonary artery, but not on injection into the left ventricle or aorta. us 
inhibition was abolished by vagotomy. 
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inc eased, injection into the cavity of the left ventricle then produced a transient 
inh oition of respiration, but the delay between injection and respiratory inhibition 
amounted to several seconds ; whereas after injection into the pulmonary artery 
resiration stopped almost immediately. These observations are all explained by 
an iction of the isothioureas on receptors in the lungs. 

[he responses obtained in rabbits under urethane or pentobarbitone anaesthesia 
were more complex. With some animals purely inhibitory effects were observed. 
With others stimulation was the predominant action though it usually followed a 
short period of inhibition. When an additional record of respiratory movement 
was obtained by tying a thread from the xiphisternum to a lever, it was found that 
respiration stopped at the end of an inspiratory movement, whereas in the cat 
respiration stopped in the expiratory position. These effects in the rabbit were not 
completely abolished by vagotomy. 


DISCUSSION 

The results described above show that numerous isothioureas of fairly simple 
structure possess the ability to initiate the three reflexes described in the introduc- 
tion to this paper as characteristic of certain phenyl guanidine and diguanide deriva- 
tives. They differ from the latter only in that their inhibitory effect on respiration 
is relatively stronger than their action on the cardiovascular system. When the 
results of Dawes and Mott (1950) are also taken into consideration, it can be seen 
that between thirty and forty compounds of fairly simple structure, all of which 


contain one amidine —C( : NH.)NH, group, are known to elicit these reflexes in the 
cat in a dose of | mg. or less. 

One of the main inducements to the present investigation was the hope that an 
extended survey of the relationship between structure and activity would provide 
some clue to the mechanism of action. It was just conceivable that in vivo the 
receptors for these three reflexes might be stimulated by some naturally occurring 
chemical agent ; alternatively, and perhaps more probably, amidine derivatives of 
the types described might interfere with a particular phase of metabolic activity. 
In either case more detailed knowledge of the optimum requirements for activity 
might suggest the type of metabolite involved. 

It will be seen that nearly all the more active compounds have the structure: 

matic nucleus—short side-chain—unsubstituted amidine group. Nevertheless, at 
le\st one alicyclic derivative (cis-m-bromocyclohexylisothiourea hydrobromide, XI) 
(plays high activity ; and a few purely aliphatic derivatives are moderately active, 
ugh these have alkyl side-chains containing four or more carbon atoms. It is 
ir that there is no close relationship between these compounds and known inter- 
liary metabolites of cardiac or pulmonary tissues. And it would perhaps be 
ident to bear in mind the possibility that these compounds have a different mode 
ite of action from those others (e.g., veratrum alkaloids, adenosine-triphosphate) 
ch are known to elicit reflexes of a superficially similar character. 

S-Alkyl isothioureas.—The simplest in structure of the active compounds are 
tain alkyl isothiourea salts. Twelve members in all of the series of general 


mula CH, -(CH.,), —S-C( : NH.)NH, have been examined. The n-propyl deriva- 
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tive (for which n=2) was the first in which the properties sought could 
detected. The n-butyl and n-amyl derivatives were more active (Table I), but fro.1 
n-amyl isothiourea onwards there was a steady decline in activity. 

Aryl isothioureas——A considerable increase in activity was effected when .n 
aromatic ring was introduced into the side-chain of an alkyl isothiourea. Salts of 
benzyl and 2-phenylethyl isothiourea were found to have about a third of ‘he 
depressor activity of phenyl diguanide. The phenyl-n-propyl derivative (V) vas 
nearly as active. 

Still more potent compounds were obtained when an a-naphthyl group was sub- 
stituted for a phenyl group. The naphthyl analogue of benzyl isothiourea (com- 
pound RDI051) was nearly half as active as phenyl diguanide, the naphthyl ethyl 
derivative (RD1052, III) no less than 2-3 times as active. 

2-Thienyl methy] ‘sothiourea (VI) was moderately active, as might be expected 
from its chemical resemblance to benzyl isothiourea. A 2-pyridyl isothiourea salt 
was inactive. The water-insolubility of 9-phenanthrylmethy] isothiourea precluded 
accurate work with this compound. 
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It can be seen from Table I that the introduction of a chlorine or bromine atom 
into the aromatic ring of benzyl isothiourea enhances activity when the halogen 1s 
in the meta position but reduces it no less markedly when the halogen is in the pura 
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pc ition. The order of activity is m->o->p- for both chloro- and bromo-substituted 
be::zyl isothioureas. 

The NN’-ethylene derivatives of these last six isothioureas seemed quite inactive. 
However, some N-substituted isothioureas possess appreciable activity, e.g., S-methyl- 
phenyl isothiourea (VII), SN-(2-bromo-)trimethylene isothiourea (VIII). Salts 
of S-methyl NN’-dipheny]l isothiourea and of SN-trimethylene isothiourea, it should 
be added, are practically inactive. Substitution in the amidine group itself never 
ennanced activity, and often practically abolished it. Dawes and Mott (1950) have 
found the same true of the diguanide derivatives they tested. 

The point is further illustrated by the behaviour of certain cyclic amidine deriva- 
tives. Since it was known from the work of Dawes and Mott that bases like 2-phenyl- 
propionamidine (IX) are fairly —. it was thought of interest to test cyclic 
analogues like 2-aminoquinoline (X), 2- and 4- aminopyridine, and 2-aminopyri- 
midine. Only the quinoline derivative gave any indication of activity. 


> 


Alicyclic isothioureas.—Four S-derivatives have been tested: cis-m-bromocyclo- 
hexyl isothiourea (A-1128, XI), 2-cyclohexylethyl isothiourea (A-1070), 5-cyclohexyl- 
n-amyl isothiourea (A-1069),and 4-a-tetrahydronaphthyl n-butyl isothiourea (A-1113, 
IV). A-1128 was found to be about as strongly depressor as phenyl diguanide. 
A-1070 is some fifty times less active. A-1069 and A-1113 are practically inactive. 


Aliphatic amidine derivatives—Those with short side-chains seem to be almost 
devoid of activity, as judged by the results obtained with salts of such bases as 
methyl isothiourea, 2-hydroxyethyl isothiourea, SN-dimethyl isothiourea, ethyl 
isourea, methyl-guanidine, propionamidine, and iminoazole. 

It has already been remarked that some with longer side-chains display appre- 
ciable activity—e.g., S-n-amyl isothiourea, SN-(2-bromo-)trimethylene isothiourea. 

A few di-amidine derivatives have also been examined. Of the first six di-iso- 


thioureas of general formula H,N(HLN : )C-S-(CH,)y-S-C NH,)NH,, only the 
trimethylene derivative gave any indication of activity. 


Amines, thioureas.—The importance of the amidine group is shown by the fact 
that the simple amines corresponding to benzyl and 2-phenylethyl isothiourea are 
inactive, as is the non-basic N-benzyl thiourea (which is isomeric with benzyl 

thiourea). 


SUMMARY 


|. Ninety-three compounds, most of them amidine derivatives of the isothiourea 
pe, were investigated for the ability to cause a reflex fall of blood pressure and 
irt rate, and inhibition of respiration, upon intravenous injection into lightly 
\esthetized cats. Fourteen isothioureas produced these effects, which are abolished 
vagotomy, in a dose of 1 mg. or less. 


2. The most active of these isothioureas was the hydrobromide of 2-a- anstudbials 
yl isothiourea ; doses of 10-30 ,»g./kg. were sufficient to cause a very consider- 
e fall of blood pressure. Another ten isothioureas of the type Ar-(CH.),-S- 


: NH,)NH, were about a half to a twentieth as active as this. Some aliphatic 
rivatives like n-amyl isothiourea also exhibited appreciable activity. 
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3. As with the amidine derivatives previously investigated, the responses ; 
attributed to three separate reflexes: two depressor reflexes whose receptors are 
the heart and lungs respectively, and a respiratory reflex, the receptors for wh. \ 
are in the lungs. 


It is a pleasure to acknowledge the expert technical assistance of N. Shirley aid 
H. Elvidge. 
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THE ACTION OF ACETYLCHOLINE ON THE 
RABBIT AURICLE* 


BY 
J. LEYDEN WEBB 


From the Department of Pharmacology, Oxford University 
(Received January 25, 1950) 


The problem of the exact site and mechanism of action of acetylcholine on 
cardiac muscle is a difficult one. It is probable that it will eventually be solved, 
not by one experiment, but by the gradual accumulation of accurate quantitative 
evidence and a consideration of this information against a physico-chemical back- 
eround. It is doubtful whether there is as yet sufficient accurate information to 
solve this problem basically. The present investigation was an attempt to obtain 
such evidence as may be useful in the future for this general synthesis. Some slight 
advance has been made in this investigation and some confused points have been 
cleared up, but the ultimate answers are still far distant. It is only by a many- 
sided attack that we shall ultimately be able to solve such complex and fundamental 
problems, and it is hoped that the results of the present work will contribute to the 


final solution. 
METHODS 


The methods used and the manner of reporting the results are identical with those 
described in a previous report (Webb, 1950). All experiments were performed on 
rabbit auricles beating spontaneously in Tyrode solution at 30° C. The concentrations 
of such substances as acetylcholine and adrenaline are given on the weight/volume 
basis since this is customary, but it is felt that for many considerations the molarities 
hould be used. For convenience, the equivalent molarities for the salts used are 
iven here. Acetylcholine chloride (1:10° = 5.5 x 10-7 M), carbachol chloride (1 : 10’ 

5.4 x 10-7 M), choline chloride (1:10* = 7.2 x 10% M), pilocarpine nitrate (1: 10° 

3.7 x 10° M), physostigmine sulphate (1:10 = 3.1 x 10° M), adrenaline hydro- 
hloride (1:107 = 4.6 x 10-7 mM), and atropine sulphate (1:10 = 3.0 x 10°° m). 


RESULTS 


Action of a standard concentration of acetylcholine on the auricle 


The concentration of acetylcholine chloride usually employed in these experi- 
ents was 10°. This concentration produced in most auricles a definite depression 
both the rate and the amplitude. During the course of the year, 260 tests with 
is concentration were made on the normal auricles from 39 rabbits ; the mean per- 
ntage changes and their standard deviations were: rate, - 14.2 and +9.51 ; ampli- 


* This investigation was carried out during the tenure of a Fellowship granted by the 
e Insurance Medical Research Fund, New York, U.S.A. 
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tude - 51.2 and +10.95. The distribution diagrams are shown in Fig. 1. The chang 
in rate and amplitude measured were the maximum effects produced by acetylcholi: 
In all auricles the effect upon the amplitude was greater than upon the rate. 1 
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PERCENTAGE CHANGE IN RATE AND AMPLITUDE —~ 


amplitude. 


ratio of the percentage change in amplitude to the percentage change in rate (A / R) 
indicates that the amplitude was depressed about 3.6 times as much as the rate by 
acetylcholine at this concentration. It will be shown later that this ratio is of some 
significance in determining the relative activity of cholinesterase in the pacemaker 
cells and in the auricular contractile cells. 

There was marked variation between the auricles from different rabbits in the 
responses of rate and amplitude to acetylcholine. This variation in response to 
acetylcholine has been observed in other tissues (see Clark, 1937, for references). 
The rate response varied more than the amplitude response. The standard devia- 
tion in the rate was 67 per cent of the mean, whereas the standard deviation in the 
amplitude was only 21 per cent of the mean, indicating that variation in the rate 
response was roughly three times as great as in the amplitude response. The ratio 
of the highest to the lowest concentrations of acetylcholine required to produce a 
standard depression of the rate was found to be approximately 300 in the series of 
auricles investigated, while the same ratio for the amplitude response was found 
to be about 40. Although there was not a sufficient number of experiments with 
pilocarpine, carbachol, or potassium to compare the results statistically with the 
acetylcholine variation, there seemed to be much less variation in the response of 
the auricles to these substances. In several experiments there was less variation 
in response to acetylcholine in the presence of physostigmine than when the acetyl- 
choline was acting alone. Such results would indicate that variation in cholinesterase 
activity may contribute to the total variation in response to acetylcholine and this 
conclusion was substantiated in other phases of this work. The individual variations 
in rate and amplitude responses were also relatively independent, the ratio A/ 
varying widely between different auricles. 

These deviations in response to acetylcholine were not correlated with season! 
changes as has been reported by several workers, particularly in frog hearts (sve 
Cori, 1921, for early references ; Applerot, 1930; Singh, Sehra, and Singh, 194°). 
The average responses during the four seasons are shown in Table I. It is ve'y 
doubtful whether the small deviations are significant. However, it is not to 
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TABLE I 
ACTION OF ACETYLCHOLINE DURING THE_VARIOUS SEASONS 
Season Animals | % change in rate °% change in ampl. 
Auumn ww we 7 —21.6 ~i5 
Winter 5 " oe 10 —11.5 — 50.0 
Spring - ei oe | 11 — 13.5 —49.9 
Summer ‘i - pat 11 —12.5 —531.9 
| 








expected that the tissues of the homoiothermic rabbit would show as marked 
seasonal changes as those of the poikilothermic frog. 


The response of the auricles to acetylcholine was relatively constant for several 
hours after placing the tissue in the bath, but there was a tendency for the sensitivity 
to increase slightly with time. Such behaviour in the rabbit auricle was reported by 
Pines (1934). The increase in sensitivity observed here was never more than 10 per 
cent. It is possible that this is correlated with a steady decrease in the formation 
and release of acetylcholine in the tissue, inasmuch as endogenously produced acetyl- 
choline will induce some development of tolerance to acetylcholine and thereby a 
decreased sensitivity. 

Acetylcholine occasionally produced disturbances in the rhythm, the most 
common being the sudden appearance, as the rate and amplitude were falling, of 
an alternating type of beat in which the stronger contractions were of much greater 
amplitude than would have been expected if the rhythm had remained normal. 
The auricles from one animal were completely useless for quantitative investigation 
because of the development of such arrhythmias each time acetylcholine was added. 
On the other hand, if the auricles were beating abnormally in alternating rhythm, 
the addition of acetylcholine usually stopped this irregularity and allowed a more 
normal series of contractions. 


Relation between concentration and action of acetylcholine 


The concentration-action curve of acetylcholine for the normal rabbit auricle is 
‘ypically sigmoid and similar in shape to the curves obtained on the hearts of other 
nimals (Clark, 1927 ; Barlow, 1928 ; and others). The range of concentration over 
vhich acetylcholine acts is wide, the ratio between the maximal and minimal effec- 
‘ve concentrations being in the rabbit auricle between four and ten thousand with 
“spect to the amplitude response. This ratio is probably somewhat greater with 
>spect to the rate response, but the actual value is impossible to determine inasmuch 
s the auricles were stopped when the amplitude dropped to zero, the pacemaker 
ells in all probability continuing to discharge impulses. In the presence of physo- 
igmine (10°°) the curves were shifted and their shapes changed. Not only were 
ne auricles made ten to a hundred times more sensitive to acetylcholine, but the 
inge of concentration over which acetylcholine acted was markedly shortened so 
lat the ratio between maximal and minimal effective concentrations was now about 
wo hundred. These results are illustrated in Figs. 2 and 3, where the effect of 
hysostigmine on the concentration-action curves of acetylcholine may be seen. 
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a normal auricle, the left- 
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auricle in contact with 
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Fic. 3.—Concentration-action 
curves for acetylcholine 
on auricular amplitude: 
the right-hand curve is for 
a normal auricle and the 
left-hand one for the 
same auricle in contact 
with 10-* physostigmine. 
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The marked effect of physostigmine on the response of rabbit auricles to acetyl- 
choline indicates that cholinesterase plays a very important role in determining the 
sensitivity of the cardiac tissue to acetylcholine, the shape of the concentration- 
action curve, the difference in response between rate and amplitude, and, in general, 
in determining all quantitative relations between acetylcholine and the heart. The 
ratio A/R is 3.60 in normal auricles, but in the presence of physostigmine this ratio 
dropped to 1.61 (average of determinations on five pairs of auricles where the effect 
of the acetylcholine was approximately equivalent to that of a concentration of 10” in 
the absence of physostigmine). This change may be visualized by comparing the 
concentration-action curves for rate and amplitude responses in the presence of 
physostigmine. The curves are much closer together than before the addition of the 
physostigmine, the effect of acetylcholine on the rate and amplitude becoming quit: 
comparable. 

The most likely explanation of these phenomena is that the cholinesterase 
effectively reducing in some manner the concentration of acetylcholine in the regi 
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. the receptor groups with which acetylcholine combines to produce its typical 
i hibitory effect. One may visualize a screen of cholinesterase that hydrolyses a 
certain fraction of the acetylcholine molecules as they diffuse through, and because 

this the concentration of acetylcholine beyond this screen, that is in the region 

the receptor groups, is much lower than the concentration outside. It is also 
vossible that the cholinesterase molecules are in close juxtaposition to the acetyl- 
cuoline receptor groups and thereby reduce the concentration in the immediate 
.icinity of these groups. When acetylcholine is present in the medium at a concen- 
tration of C, it is in dynamic equilibrium with the acetylcholine in the receptor 
eroup region, the concentration of which we shall call C,. In normal auricles 
C >C_, but when the cholinesterase is inhibited by physostigmine we may assume 
that e =C_ approximately. From the curves in Figs. 2 and 3 we may calculate 
roughly the concentrations of acetylcholine in the receptor group regions when the 
external concentrations are at various levels. The curves in Figs. 2 and 3 are not 
average curves but represent the situation in the auricles from one rabbit ; thus, the 
following calculated results are not to be considered as generally applicable. How- 
ever, comparable relationships probably occur in all auricles, the difference in the 
behaviour of the auricles to acetylcholine being determined in large part by the 
effectiveness of the cholinesterase. In Table II are given the calculated concentra- 
tions of acetylcholine near the receptor groups at various levels of acetylcholine 


TABLE II 
CALCULATED CONCENTRATIONS OF ACETYLCHOLINE IN RECEPTOR GROUP REGIONS 





| 








External Concentration at , Concentration at | . 
concentration ampl. receptors | Cac) rate receptors rie) 
Cu (Cra iitailinetis (C.)r —— 
10-° a os Ag 3.2 10-?° 3.4 2.0 10-19 5.0 
10-8 “e oi - 1.6 10°° 6.3 7.8 10-19 12.8 
10-7 Ry a 5.6x 10° 17.9 2.9x 10-® 34.5 
Q-s 1.1 10-8 90.8 7.1X< 10-* 141.0 





n the medium. We must consider the rate receptors and the amplitude receptors 
>parately, for the degree of effectiveness of the cholinesterase is quite different in 
he two situations. The concentration of acetylcholine is always less at the rate 
eceptors than at the amplitude receptors in normal auricles, owing to the cholin- 
sterase, but from the fact that the ratio A/R is 1.61 when physostigmine is present 

is probable that the difference in response between rate and amplitude to acetyl- 
noline is partly inherent in the sensitivity of the two mechanisms. In other words, 
iere is a basic difference in rate and amplitude sensitivity, but this difference is 
-centuated by the presence of the cholinesterase. In Table II it will be seen that the 
‘tio between the concentrations of acetylcholine in the medium and in the receptor 
roup regions rises as the concentration of acetylcholine is increased. This is one 
-ason why the effective concentration range of action of acetylcholine is so wide, 
le internal concentration not rising proportionately with the external concentration. 

A striking proof of this action of cholinesterase in protecting the receptor groups 
‘om acetylcholine is afforded by the following experiment. If we add acetylcholine 
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at a concentration of 10° to a pair of auricles and allow them to reach a steady sta 
of equilibrium, the rate and amplitude remaining reasonably constant and somewh: | 
depressed below the normal level, we can demonstrate that cholinesterase is pr. - 
venting the action of the acetylcholine by simply adding some physostigmine (10" ). 
The auricles stop immediately. Owing to the inhibition of the cholinesterase, thc 
concentration of acetylcholine at the receptor groups has been suddenly raised to a 
sufficient level to produce complete inhibition of the auricles. 

If it is true that cholinesterase is partly responsible for the great width of the 
effective concentration range of acetylcholine, we should expect to find that other 
similarly acting cardiac depressants that are not destroyed by cholinesterase would 
have much narrower ranges of action. Concentration-action curves for carbachol 
and potassium acting on the rabbit auricle are given in Fig. 4, and it is evident that 
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these curves are much steeper than the acetylcholine curves and, in fact, correspond 
quite closely in shape to the acetylcholine curve in the presence of physostigmine 
when the cholinesterase is inactive. It will be seen that when carbachol is compared 
with acetylcholine in the presence of physostigmine, it is about 1/3 as potent on the 
rabbit auricle, a figure quite comparable to that observed by Sachs (1937). 

A possible complication in the interpretation of acetylcholine concentration-action 
curves is the ability of acetylcholine to stimulate cardiac tissue under certain con- 
ditions (Barlow, 1928 ; Dutant, 1937 ; Sachs, 1937 ; Spadolini and Domini, 1940a, b : 
Hoffmann, Hoffmann, Middleton, and Talesnik, 1945; McDowall, 1946; Vane, 
1948 ; Burn and Vane, 1949 ; and others). No stimulation of the rabbit auricle by 
low concentrations of acetylcholine was ever observed in the present experiments. 
Occasionally with the usual concentrations of acetylcholine a temporary and mild 
stimulation was seen before the depression occurred, but this had no effect on the 
ultimate degree of inhibition produced. In the presence of atropine (10°) and 
physostigmine (10°°), a few auricles were slightly stimulated by high concentrations 
of acetylcholine (10° —- 10“), but this was not the rule. On normal, fresh auricles, 
the stimulating action of acetylcholine seems to be quite unimportant until such hig 
concentrations are reached. It was thus concluded that the concentration-actio 
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curves were not influenced by such actions of acetylcholine under normal circum- 
siances. In older or exhausted auricles the situation may well be different. 


Variations in the ratio A/R 


The ratio A/R represents the relative actions of acetylcholine on the amplitude 
and rate of the rabbit auricle. We have seen that it is dependent on at least two 
factors: (a) the inherent relative sensitivities of the two systems and (bd) the dif- 
ferential activities of cholinesterase in the two regions. The ratio A/R is by no 
means a constant for a particular pair of auricles, but varies with the conditions 
under which the acetylcholine is acting. We shall discuss some of the general 
variations in this ratio and later we shall have occasion to observe how other factors 
may modify it. 


The variation of the ratio A/R with time 

The A/R ratios that are presented in this paper were calculated from the maximal 
effects of acetylcholine on the auricles. As will be shown in the next section, after 
maximal depression the amplitude begins immediately to recover in the presence of 
acetylcholine while the rate remains relatively depressed. This will produce a steady 
decrease in the ratio A/R after the point of maximal action. It is likely that the 
earliest actions of acetylcholine on the auricles show an A/R ratio that is higher than 
the figures given, for it seems that the effect on the amplitude occurs more rapidly 
than the effect on the rate. 


The effect of acetylcholine concentration on the ratio A/R 


Table III shows the effect of the concentration of acetylcholine on the relative 
responses of rate and amplitude. It is quite clear that as the concentration increases 
there is a decrease in the ratio A/R. At very low concentrations of acetylcholine A/R 


TABLE III 
VARIATION OF A/R WITH ACETYLCHOLINE CONCENTRATION 





| 





Acetylcholine . , Acetylcholine | , 
concentration Ratio A/R concentration Ratio A/R 
1x 10-° oo 5x 10-7 2.24 
5x 10-* on 1x 10-* 1.71 
1x 10-8 11.0 2x 10-* 1.55 
5x 10°* 6.20 5x 10-* (1.00) 

1x 10-7 2.93 








infinity, for there are concentrations that produce a measurable effect only on the 
mplitude. On the other hand, at high concentrations the ratio will eventually 
‘ach 1.0 at a time when both rate and amplitude fall to zero ; however, this is an 
tefact, for it is likely that the pacemaker cells are still discharging after the amplitude 
is been reduced to zero. This change in A/R with concentration is due to the 
ifferent shapes of the concentration-action curves for rate and amplitude and thus 
‘imarily depends on the relative activities of cholinesterase at the two sites, for 
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when the cholinesterase is inhibited the two curves are brought closer together ar 
the ratio A/R is quite uniformly between 1.5 and 1.8. 


The ratio A/R for other cardiac depressants 


If the high A/R ratio of acetylcholine action is mainly due to the activity 
cholinesterase, we should expect that substances not destroyed by this enzyme wouid 
exhibit lower ratios. This is what happens (Table IV); the ratios of A/R all ‘e 





TABLE IV 
THE RATIO A/R FOR OTHER CARDIAC DEPRESSANTS 








Substance Concentration | “° —— = 7% om = A/R Auricles 
Pilocarpine .. 10-6 -32.9 -44.8 1.36 9 
Choline = 10-4 —17.0 — 20.0 1.18 | 
Carbachol a 10-8 — 32.3 — 50.9 1.57 4 
Carbachol Me, 10-7 —71.0 — 87.5 1.23 2 
Potassium “s 0.01 mM — 34.0 — 57.5 1.69 4 





between 1.2 and 1.7 which is very similar to the range of A/R when acetylcholine 
acts in the presence of physostigmine. It is difficult to calculate exactly the A/R 
ratios for these substances because they act slowly and frequently the rate and 
amplitude change independently of each other. The figures in the table were 
calculated from the maximal changes in the rate and amplitude produced by the 
substances. 


The time course of the action of acetylcholine 


The average response of rabbi. auricles to acetylcholine (10°’) is plotted against 
the time in Fig. 5. There are four phases to the action: (1) a slight, temporary 
stimulation of the amplitude without change in the rate ; (2) a rapid depression of 
rate and amplitude ; (3) an immediate and slow recovery of the amplitude to a 
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Fic. 5.—The time course of 
action of acetylcholine on 
the rabbit auricle, showing 
the four phases of action 
and the stimulation ob- 
served when the acety!- 
choline is washed from 
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‘rtain value, the rate recovering not at all or only slightly ; and (4) a stationary 
hase of equilibrium during which the auricles remain relatively constant in a state 
{ depression as long as the acetylcholine is present. 

The brief initial stimulation of the amplitude was observed in only a certain 
action of the auricles. It was very seldom present in fresh auricles but developed 
vith time, a fact noted by Graham (1949). It seemed to be somewhat more pro- 

,ounced at higher temperatures. Atropine (10°) blocked it effectively. Graham 
1949) reported that a low potassium concentration in the medium increased and 
prolonged this initial stimulation of rabbit auricles by acetylcholine. Although this 
point was not specifically investigated here, in going back over the tracings I find 
(hat in the present work neither high nor low concentrations of potassium had any 
marked effect on this phenomenon. Changes in the calcium concentration also had 
no demonstrable effect. In fact, no modifications of note were observed with any of 
the substances used to alter the response to acetylcholine (see Table X for a list 
of these substances), although in some instances this stimulation was not marked 
enough to be measured quantitatively. This stimulation in the amplitude usually 


amounted to 3-4 per cent and the duration was only 1-3 seconds or 2-5 beats. 


Such a stimulation was seen with other cardiac depressants. It occurred particularly 
clearly with potassium itself, the stimulation being more marked and more lasting 
than with acetylcholine. Pilocarpine and carbachol also produced initial stimulations 
that were in nature much like those produced by acetylcholine. This stimulation 
occurs only in the amplitude response and an increase in rate was never observed. 
It is doubtful whether this initia] stimulation is related in any way to the stimulation 
of the auricles by acetylcholine in the presence of atropine, or to the stimulation of 
the exhausted auricles by acetylcholine. 

The maximal depression of the auricles was usually reached between 20-40 
seconds after addition of the acetylcholine and there followed immediately the 
initiation of spontaneous recovery in the preseii.. of acetylcholine. It was observed 
that the recovery in the rate of beating was much slower than the recovery of the 
amplitude, this phenomenon being clearly shown in the curves for acetylcholine at 
\0" in Fig. 6. This spontaneous recovery occurred at a rate dependent on the con- 
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/1G. 6.—Recovery of aur- 
icles in the presence of 
acetylcholine, the 
maximum depression 
obtained being repre- 
sented by 100. Curves 
for acetylcholine alone 
are average curves 
from ten auricles ; 
physostigmine curve is 
an average of three 
experiments. I, Am- 
plitude - acetylcholine 
(10-’). II, Rate- 
acetylcholine (10-7). 
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centration of acetylcholine present in the medium as shown in Fig. 7. Such recover 
processes must be of importance in the spontaneous recovery of hearts subjected 1 
continuous vagal stimulation, since perfusion experiments have made it unlikely th 
there would be any immediate depletion of acetylcholine at the vagal nerve ending 
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Fic. 7.—Recovery of the 
1x 10-* auricular amplitude in 
the presence of differ- 
a ent concentrations of 
5x 10-* acetylcholine, the 
maximum depression 
produced being repre 
sented by 100 in each 
case. All curves from 
the same auricle. 
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Recovery of Aplysia hearts in the presence of muscarine was the initial observation 
that resulted in the formulation of the “ potential theory ” by Straub (1907) and such 
behaviour has been repeatedly observed with substances of this group (de Espanes 
and Martinez, 1939 ; Lendle, 1941), although the “ potential theory ” has been gener- 
ally abandoned as the correct explanation. Needless to say, in the present work it 
was found that there was marked variation in the rates of recovery in different 
auricles and all comparative results, such as those shown in Fig. 7, were obtained 
from the same auricles. That the ratio A/R changes with time is obvious from an 
examination of Fig. 6, the ratio progressively becoming smaller after the maximum 
depression owing to the marked increase in amplitude with little recovery in the rate. 
It was observed that recovery of the auricles in the presence of acetylcholine was 
not complete, the recovery curves approaching asymptotically some constant value. 
The final level reached was dependent on the concentration of acetylcholine ; the 
adjustment or adaptation made was characteristic for each concentration. In other 
words, an equilibrium was eventually established ; if more acetylcholine was added 
there was recovery to a new level. This behaviour was observed in the frog heart 
by Clark (1927). This is one of the phenomena that is difficult to explain by means 
of the “ potential theory.” The shapes of these recovery curves would also argue 
against the theory that destruction of acetylcholine by cholinesterase was the primary 
factor involved. However, it is easy to test the importance of the cholinesterase by 
determining the degree of recovery from acetylcholine depression in the presence 
of physostigmine. In Fig. 6 has been included such a curve averaged from sever’! 
experiments and plotted on the same scale whereby the maximum depression p 
duced is represented by 100. The concentrations of acetylcholine used with phy 
stigmine were, of course, low, but the depressions in the amplitude were qu 
comparable to those produced by 10° acetylcholine alone. We see two things fr 
a comparison of these curves. When the cholinesterase was inhibited the recov 
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as slower than in the normal auricle, but the final levels reached were not greatly 
fferent. In other words, the final equilibrium level of activity was not markedly 
ependent on the cholinesterase, but this enzyme may well play a role in accelerating 
ie rate of recovery. A possible mechanism by which this might be accomplished 
vill be presented in the discussion. 

It is also of interest to compare the rates of recovery from the depressions pro- 
duced by other, similarly acting depressants. With choline, carbachol, and pilocarpine, 
definite recoveries were observed, but the rates of these recoveries were slower than 
vith acetylcholine and, in fact, were roughly comparable to the rate of recovery of 
ihe auricles from acetylcholine depression in the presence of physostigmine. These 
results are averaged and collected in Fig. 8. It is doubtful whether there was any 
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Fic. 8.—Depression and 
recovery of auricles in 
the presence of drugs 
acting in an acetyl- 
choline-like manner. 
I, Choline (10-*). ‘II, 
Pilocarpine (10°). 
III, Carbachol (10-*). 
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recovery in the rate of beating, either in the presence of these three substances or 
in the presence of physostigmine. It may well be that recovery in the rate in the 
presence of acetylcholine alone, although not marked, was due entirely to the cholin- 
sterase. These results further confirm the fact that spontaneous recovery can occur 
n the auricles independently of the enzyme cholinesterase. In the presence of 
potassium, however, very little, if any recovery was observed, except occasionally at 
ery low concentrations (below 0.0067 M) and then it was very slow and slight. This 
ndicates a fundamental difference in action between potassium and these other 
lepressants, and further demonstrates that this recovery is not merely a general 
/henomenon seen with any depression of the auricles. 
There would seem to be no immediate effect on this rate of recovery by any 
f the metabolic substrates used in the present work (see Table X). Some metabolic 
nhibitors, e.g., fluoride, azide, and cyanide, may inhibit its development, but such 
‘ffects were very difficult to measure when the activity of the auricles was changing 
inder the effects of the inhibitors. One can only say that if there were any modifica- 
ions in the recovery rate by these substances, the changes were not marked. 


The development of tolerance to acetylcholine 


_ The partial recovery of the auricles in the presence of acetylcholine would imply 
ie development of a certain degree of tolerance to the action of acetylcholine, 
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inasmuch as the concentration of acetylcholine in the medium could not have bee 
reduced sufficiently by destruction or binding of the acetylcholine by the tissue. | 
order to test for an increased resistance of the auricles to acetylcholine, furth 
additions of acetylcholine were made to auricles already depressed by this substanc 
In a typical experiment the effect of acetylcholine at 10°’ was determined, the auricl: 
allowed to recover to a constant level of activity, and then a second addition « 


acetylcholine was made. 


In some experiments the effects of several successive 


additions of acetylcholine were determined. Subsequent doses of acetylcholine weiec 


EFFECTS OF SUCCESSIVE ADDITIONS OF ACETYLCHOLINE 





Added 


Total 


Time 


% change 



































concentration concentration min. in ampl. Auricles Tests 

10-7 1>< 10-7 0 63.8 8 17 
10-7 2x 10-7 4 9.8 24.7 

10-7 1 10-7 0 25.5 62.1 4 6 
10-7 2% 10-7 4 18.0 25.5 

10-7 3x 10-7 10 —~118 ~15.3 

10-7 110-7 0 -18.8 59.6 5 8 
10-7 2 10-7 4 96 228 

10-* 12% 1077 10 ~ 46.6 66.6 

10-7 1>< 10-7 0 7.5 50.0 

10-7 2% 10-7 4 —4.0 12.5 

10-* 12 10-7 7 15.0 41.0 

10-8 22 10-7 10 9.0 ~14.0 

10-5 122% 10-7 15 30.0 38.5 

10-7 1 10-7 0 7.0 31.0 

10-7 2% 10-7 4 70 16.0 

10-7 3% 10-7 8 0.0 9.0 

10-8 1310-7 12 25.0 ~28.0 

1077 1x 10-7 o | 230 59.0 

10-7 2% 10-7 4 19.0 28.0 

10-7 3% 10-7 7 13.0 12.0 

10-8 131077 10 14.0 37.0 

10-5 113 10-7 14 30.0 69.0 

10-7 1>< 10-7 0 —~10.5 68.0 

10-7 2% 10-7 4 5.0 33.5 

10-7 3% 10-7 7 6.5 22.0 

5x 10-7 8x 10-7 10 ~7.0 35.0 

10-8 1810-7 14 15.0 ~28.5 

10-* 28 10-7 18 8.5 16.0 

10-5 128% 10-7 3 ~70.0 57.0 

10-7 1 10-7 0 —7.0 65.0 

10-7 2% 10-7 4 0.0 ~26.0 

10-* 12% 10-7 7 27.0 — 56.0 

10-* 22 10-7 10 25.0 —23.0 

10-6 32 10-7 13 20.0 —14.0 

10-6 42 10-7 16 12.0 —11.0 

5x 10-8 92 10-7 19 75.0 22.0 
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ways less effective than the earlier ones, and eventually a marked degree of toler- 

ice could be developed, so that the auricles would continue to beat in concentra- 

ons of acetylcholine that initially would have stopped them immediately. These 

‘sults are recorded in Table V, where the effects of subsequent doses of acetyl- 

noline may be compared with the action on normal auricles. The interval of time 

etween additions is not very important. In three experiments on one auricle with 
ucetylcholine always at a concentration of 10%, the second additions were made at 

itervals of two, four, and ten minutes after the first addition and the results were 
essentially the same in each case. 

Before correct evaluation of the degree of tolerance can be determined, we must 
consult the concentration-action curves of acetylcholine in order to calculate the 
results that would be expected from successive additions assuming that no tolerance 
is developed. Examination of these curves shows that subsequent additions of 
acetylcholine must of necessity produce less and less effect, merely owing to the fact 
that the curves are not linear. Let us assume that we add 10° acetylcholine and 
that the rate has been depressed 23 per cent and the amplitude 57 per cent (calcu- 
lated from Figs. 2 and 3). If we take the normal, original values of the rate and 
amplitude to be 100, the rate is now 77 and the amplitude 43. If we now add a 
second 10° acetylcholine, we have made the total concentration 2 x 10°’. The addi- 
tion of 2 x 10° acetylcholine all at once to the normal auricles would have depressed 
the rate 30 per cent ard the amplitude 68 per cent, reducing them respectively to 
70 and 32 on the scale of 100. The change from adding the additional 10° acetyl- 
choline would then be calculated to be a decrease of 9.1 per cent in the rate and 
23.2 per cent in the amplitude, figures which agree quite well with those given in 
lable V. If we now add 10° acetylcholine, in the presence of 2 x 10°’ acetylcholine, 
we increase the total concentration to 12 x 10 and this amount, added all at once, 
would have depressed the rate by 54 per cent and the amplitude by 88 per cent, 
the values on the scale of 100 becoming 46 and 12 respectively. Thus, this third 
addition of acetylcholine should have produced a 35 per cent depression of rate and 
a 63 per cent decrease in amplitude, figures which are at least comparable with those 
eiven in the Table. Accurate comparisons cannot be made because the curves in 
igs. 2 and 3 were obtained from different auricles. In a like manner we may calcu- 
te roughly the expected effects of subsequent doses. The phenomenon of decreasing 
‘Tectiveness of successive doses of acetylcholine thus depends primarily on the nature 
f the concentration-action curves. The slope of the curves in the particular region 
ivestigated would determine the magnitude of the effect and thus, since we have 
‘en that this slope is largely dependent on the activity of cholinesterase, we may 
clude that indirectly the esterase activity is of importance in determining the 
fects of repeated additions of acetylcholine and, in all probability, the behaviour 
the heart in vivo during repetitive stimulation of the vagus nerve. 

However, there is in addition to this artificial effect a true development of toler- 
ice to acetylcholine, for the auricles eventually became able to beat in the presence 
‘ concentrations of acetylcholine that would have stopped them initially. Further- 
ore, there is the recovery that is observed in the presence of acetylcholine and 
milar depressants, indicating that some manner of resistance appears in the cardiac 
sue. In the longer experiments, where many successive additions of acetylcholine 
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were made, the deviations from the expected behaviour, as calculated from t! 
concentration-action curves, were due to the development of this tolerance. In suc | 
comparisons, rough as they are, it is seen that more tolerance is developed wi: 
respect to amplitude changes than with respect to rate, just as we should hay: 
predicted from the recovery curves. 

Successive doses of acetylcholine in the presence of physostigmine produced less 
effect than originally and similar calculations to those above were carried out using 
the concentration-action curves obtained in the presence of physostigmine. Here 
the rate effects of repeated doses followed very closely the calculations based on the 
curve because there was no disturbing development of tolerance with regard to the 
rate. However, in several experiments, it was shown that subsequent additions of 
acetylcholine produced definitely less effect on the amplitude than would have been 
predicted from the curve alone. In a typical experiment the auricles were in contact 
with 5 x 10° acetylcholine for 20 minutes in the presence of physostigmine (10°); 
the second addition of the same concentration of acetylcholine depressed the ampli- 
tude by 39 per cent, whereas the calculated depression would have been 70 per cent. 
Pilocarpine and choline produced in successive doses decreasing effects much like 
those of acetylcholine under similar circumstances. Furthermore, after contact of 
the auricles with pilocarpine or choline for various periods of time, the response to 
acetylcholine was much reduced. In one experiment the initial effect of acetylcholine 
was a 7 per cent reduction in rate and a 55 per cent reduction in amplitude ; after 
20 minutes’ exposure to pilocarpine (10°), during which time a definite recovery 
in amplitude had taken place, the action of acetylcholine was an 8 per cent depression 
of the rate and a 20 per cent depression of the amplitude. Pilocarpine presumably 
acts on the auricles in the same manner as acetylcholine and this reduction in acetyl- 
choline action by pilocarpine is probably explicable on the same basis as above for 
successive doses of acetylcholine. It is thus not quite correct, in such a case, to 
speak of the pilocarpine as blocking the receptor groups to acetylcholine. The effect 
is simply due to a combination of two factors: the necessary reduction in response 
because the auricles have been brought to a new level of functioning by the pilo- 
carpine and the development of a certain amount of tolerance to the presence of 
substances that act in a similar manner to acetylcholine. In the past, several investi- 
gators have explained the inability of a drug to act strongly in the presence of a 
high concentration of the same drug as being due to the drug blocking itself from 
the receptor groups. Such a terminology, I believe, is misleading and it is better 
to speak of such a reduction in response as having its origin in the dependence of 
the drug response on the slope of the concentration-action curve in the investigated 
region and the possible development of tolerance by the tissues to the presence of 
the drug. It is likely that the same explanation is applicable to the experiments which 
have shown that a vagal stimulation to the heart is less effective than normally if it 
occurs during the depression produced by a previous stimulation (Gilson, 1932). 


Stimulation observed after washing the acetylcholine from the medium 


If acetylcholine was allowed to act upon the auricles and was then washed | 
by replacing the medium, an immediate recovery was observed. However, bef 
the auricles return to their original and normal level of activity, they passed thro' 
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phase of stimulation during which the amplitude was greater than the original 
lue before the acetylcholine was added (Fig. 5). Such behaviour is here, for con- 
nience, designated as a “ post-wash ” effect. The average results obtained with 10° 
id 10° acetylcholine are given in Table VI. The results at these two concentra- 
ns are not to be compared because the experiments were performed on different 


TABLE VI 
AVERAGES OF RESULTS ON POST-WASH STIMULATION 





Acetylcholine concentration 








10-7 | 10-* 
°. Change in rate due to acetylcholine .. ni ‘<a —15.8 | —70.2 
. Change in amplitude due to acetylcholine... ia — 48.4 —91.5 
’. Stimulation in post-wash rate .. “i sa ae +0.2 —1.3 
°” Stimulation in post-wash amplitude .. is he +32.1 +25.4 
Exposure to acetylcholine (minutes) i _ “ 4 4 
Number of auricles . . sal ‘a ne a aa 14 | 9 





auricles. We see that simple exposure of the auricles to acetylcholine will induce, 
after removing the acetylcholine, a stimulation of 25-30 per cent in the amplitude 
without any post-wash stimulation of the rate. Occasionally a slight stimulation of 
the rate was observed, but more frequently it was still somewhat depressed below the 
normal value at the time the amplitude was stimulated. The maximal post-wash 
stimulation occurred approximately one minute after the acetylcholine was washed 
out. 

The concentration of acetylcholine applied to the auricles was not of importance. 
in one experiment, where different concentrations of acetylcholine were used on 
the same auricle, the exposure time being four minutes in each instance, the post-wash 
stimulation of amplitude was found to be essentially the same for each concentration 
is shown in Table VII. The negative values for the post-wash rate simply mean 


TABLE VII 
RELATION OF CONCENTRATION OF ACETYLCHOLINE TO POST-WASH STIMULATION 











Effect of acetylcholine Post-wash 
> F Exposure -——— — 
eee min. | %change | % change % change % change 
in rate | in ampl. in rate in amp. 
1x 10-7 4 | —- | =< | —— | 2 
5x 10-7 | 4 | —57 —91 | —7 +30 
1x10* | 4 —100 | ~100 ~7 -+28 





at at the time of maximal amplitude stimulation the rate had not yet returned to 
Ss normal value. Such lack of dependence of post-wash stimulation on the con- 
sntration of acetylcholine was confirmed in other experiments. The degree of 
ost-wash stimulation was found, however, to depend on the duration of exposure 
) acetylcholine. This may be seen in Table VIII where the results are given for 
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TABLE VIII 
RELATION OF EXPOSURE TIME TO POST-WASH STIMULATION 





Acetylcholine Exposure | % Stimulation in % Stimulation in 
concentration min. post-wash rate | post-wash amplitude 








1077 | 4 | —7 | +28 
10°” 6 0 +32 
10-7 | 10 | —7 +35 





10-6 0.5 | at | +12 
10-* 4 7 +28 


10-* 10 +21 +37 





two concentrations. These experiments would indicate that some change is pro- 
ceeding in the tissue during the action and presence of acetylcholine and that the 
extent of this change increases with the exposure time. It is possible that this process 
is related to the development of tolerance. If this is so, we should expect the greatest 
post-wash effects to be observed in auricles in which the tolerance had been developed 
to the greatest extent. The most marked post-wash effects were indeed seen when 
the auricles were subjected to several successive additions of acetylcholine and their 
tolerance thereby developed to a maximum. Table IX records the results obtained 


TABLE IX 
POST-WASH STIMULATION AFTER SUCCESSIVE ADDITIONS OF ACETYLCHOLINE 





Final effect of Post-wash 

Final Total acetylcholine 
acetylcholine Additions exposure ; _ 
concentration | min. _ % change °% change % change % change 
inrate | inamopl. in rate in ampl. 








—17 — 54 +8 +115 
— 40 — 53 0 +89 
—11 +4 +93 
— 43 - 0 +55 
— 100 - +50 +79 
— 60 +7 +36 
—47 - —7 +49 
—40 - +11 +55 
— 100 | - +10 +83 


2x 10°? 
2x 10-7 
2x 10-7 
3x 10°’ 
11x 10-7 
12x 10°? 
21x 10’ 
110 10-7 
121 10°" 
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on such auricles and it is evident that the observed stimulations were greater than 
after the simple exposure to one dose of acetylcholine and, furthermore, that now 
even the rate was frequently stimulated. The total exposure refers to the entire 
length of time that the auricles were exposed to acetylcholine, the concentration bein 

slowly built up by successive additions, the number of these additions being given | 

the second column. The final percentage changes in rate and amplitude refer t 

the ultimate depressions produced by the final concentration of the acetylcholine an 

the state of the auricles immediately preceding the washing out of the acety! 
choline. It is impossible to compare quantitatively one experiment with anoth« 

here because of the variation in the post-wash effect between different auricles. 
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(he results are not contradictory to the conception that the post-wash stimula- 
tio. is a phenomenon connected with the development of tolerance to acetylcholine. 
The time relations of both are roughly similar. There is little tolerance developed to 
the rate depression and likewise less evidence of post-wash stimulation of the rate. 
Furthermore, no tolerance is developed to potassium and no post-wash stimulation 
was ever observed, despite the fact that recovery after potassium is quite rapid. It 
is possible that under the action of acetylcholine, the auricles change in some manner 
sc that they become more resistant to acetylcholine. This change is not immediately 
reversible when the acetylcholine is removed and manifests itself as a hyperactivity 
of the cardiac tissue for a brief space of time. It is unlikely that this hyperactivity 
is due to the accumulation of high-energy substances such as adenosinetriphosphate, 
during the depression, because it has been shown that the respiration of the cardiac 
muscle decreases quite proportionately during the action of acetylcholine (Bohnen- 
kamp and Friedmann, 1927 ; Garrey and Boykin, 1934; Loeper, Lemaire, Figarés, 
and de Soria, 1935; Gremels, 1936, 1937; Gollwitzer-Meier and Kriiger, 1938 ; 
Kanda, 1938). 

One possible explanation for the post-wash stimulation would be the release 
of adrenaline, or a similar substance, in the cardiac tissue after the period of depres- 
sion produced by acetylcholine. However, there are definite differences between the 
response to adrenaline and the post-wash stimulation. In the first place, the action 
of adrenaline is much more prolonged when sufficient of it is given to produce the 
same degree of stimulation that is observed post-wash. In the second place, adrenaline 
has a marked tendency to increase the rate of beating and this was rarely seen to 
such a degree after removal of the acetylcholine. 

The actions of several metabolic inhibitors on this post-wash stimulation were 
investigated. It was very difficult to determine such effects quantitatively because 
of the changes due to the inhibitors themselves, and the following results must be 
considered only as general observations. The customary post-wash stimulation was 
observed in the presence of fluoride (0.005 M, exposure time 47 minutes ; 0.01 M, 
exposure time 10 minutes), malonate (0.005 M, exposure time 28 minutes), and 
iodoacetate (0.0002 mM, exposure time 17 minutes). However, no such stimulation 

s seen in the presence of cyanide (0.0005 M, exposure time 4 minutes ; 0.001 M, 
exposure time 4 minutes ; 0.001 M, exposure time 8 minutes), azide (0.001 Mm, expo- 
sure time 8 minutes), or fluoroacetate (0.001 M, exposure time 31 minutes), and it is 

cly that these three inhibitors prevent either the changes occurring during the 
tion of acetylcholine or the development of the stimulation when the acetylcholine 
removed. We may temporarily conclude that this post-wash stimulation utilizes 
ergy derived from those metabolic systems that involve the cytochrome system but 
\t glycolysis is not important for its manifestation. 

A quantitative determination of the post-wash stimulation by merely washing 
: acetylcholine from the bath was very difficult to make. The rate at which the 
tylcholine is removed from the tissues may limit the full expression of such a 
enomenon. We have two opposing factors operating after replacement of the 
edium: the decreasing depression of the acetylcholine and the development of 
e stimulation. If the former is slow it may mask the latter. This is perhaps the 
son why such post-wash stimulation was rarely observed after the action of 
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pilocarpine or of carbachol. A more accurate method of determining the stim 
tion following acetylcholine depression is to add atropine in sufficient quantit: 
block all action of the acetylcholine. When this was done, a much greater stim 
tion was observed than when the medium was changed. Atropine had a very r: 
action on auricles that were depressed by acetylcholine, recovery to the original le els 
of rate and amplitude occurring within 30 seconds. The maximal stimulation vas 
observed between 40-100 seconds. This was particularly well seen when the aur 
had been treated with several successive additions of acetylcholine and the activity 
had been brought to a very low level by the resulting high concentrations (around 
10°). In five such experiments, the rate was increased over the normal value by 
39, 18, 34, 45, and 27 per cent (average 33 per cent), and the amplitude was 
stimulated 204, 65, 76, 203, and 60 per cent (average 122 per cent). The atropine 
in these experiments was at a concentration of 10°°, but it was noted that very low 
concentrations of atropine produced marked effects under such conditions. Atropine 
at 10° induced marked recovery of the acetylcholine depressed auricles and a con- 
centration of 10° was also definitely effective. It is possible that such a technique 
would be applicable to the assay of very small quantities of atropine and related 
substances. 


Modifications of the action of acetylcholine on the auricle 


The effects of altering various factors on the acetylcholine response of the 
auricles were determined in order to gain some insight into the mechanism of action 
of acetylcholine. If the action of acetylcholine is in any way related to the metabolic 
processes in the cardiac tissue, this action should be quantitatively modified by 
altering the metabolic state of the auricular muscle. Therefore, the metabolic 
substrates and inhibitors used in a previous study (Webb, 1950) were investigated 
to determine whether they would modify the action of acetylcholine, and, in addi- 
tion, the effects of anoxia and temperature changes were observed. Although the 
effect of changing the ionic concentrations of the medium on the acetylcholine 
response in other tissues has been studied, it was thought advisable to investigate 
these relationships on the rabbit auricle in order to compare the results with those 
obtained in other parts of the work. These results are presented in Table X, where 
the responses of the auricles to 10° acetylcholine, both in normal medium and in 
the presence of the substances, are given. The exposure refers to the time during 
which the auricles were in contact with the substance before the acetylcholine response 
was determined ; zero exposure means that the results were obtained in ordinary 
medium and are to be taken as control readings. 

Acetylcholine response determinations are quite accurate, and a sequence of such 
determinations on one auricle, if not spread out over too long a time, showed only 
minor deviations between the individual readings (within 1-3 per cent). Wherever 
possible, two control determinations were made, one before and one after the ‘est 
determination, and in several instances alternate controls and test readings were mde 
to increase the accuracy of the observations. However, it was felt that more relia le 
results could be obtained if different auricles were used, and thus in the Table e ch 
test generally refers to a different animal. Great care must be exercised in de’°r- 
minations of this type, since the substances that are being tested may be chang 1g 
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TABLE X 
MODIFICATIONS IN THE AURICULAR RESPONSE TO ACETYLCHOLINE 





] 
Exposure | %change | % change 
(min.) | in rate | in ampl. 


Substance | Molar concn. 





ruvate 


0.001 
0.005 
0.005 
0.01 
0.01 
0.02 


WOUNSwWOUSwOwSd 


~14 
—~14 

—23 
~3 
—14.5 


—45 
— 48 
— 62.6 
—65.6 
—41.5 
—44 
— 48.0 
— 53.7 
— 58.5 
—61 
— 46 
—61 
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Malate 


0.005 
0.01 
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—51.0 
—43.5 
—41.5 
—48 
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Acetate 


0.0005 
0.001 
0.001 
0.01 
0.01 


COw’OADAOWOwW’S 


— 


—$1.3 
—47.1 
—49.3 
—41.0 
— 54.5 
— 56 

— 50.5 
—49 

— 52.3 
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0.01 


woweo 





— he bO 





narate 





0.005 
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TABLE X— Continued. 





Exposure | % change | & change 





























l 
Substance Molar concn. (min.) in rate in ampl. Tests 
6-hydroxybutyrate . . 0.001 0 —3.5 } — 50 2 
3 —6 —5l 1 
0.005 0 —7 —49.5 2 
3 0 —47 l 
Butyrate.. ue 0.001 0 9 — 60 2 
3 —6 — 59 I 
Caprylate .. — 0.001 0 0 — 44.5 2 
3 0 — 52 I 
Cyanide 7 a 0.0001 0 —21.2 — 56.7 6 
5 —19.0 — 50.7 3 
0.0005 0 —17 — 46.5 2 
3 —29 — 52 I 
0.001 0 —23.4 — 56.2 6 
3 —22.7 — 58.3 3 
0.001 0 —13 — 53.5 2 
8 —22 —68 | 
Azide ad ~ 0.001 0 — 20.5 — 66.5 2 
1 | aaa 15 — 65 ] 
0.001 0 — 20.5 — 70.5 2 
2 —20 —§82 I 
0.001 0 — 14.3 — 61.3 2 
5 —14 —72 l 
0.001 0 —23 — 68.7 2 
10 —21 — 84 ] 
i 
Fluoride <a a 0.005 0 —12.8 —41.4 5 
4 — 34,3 —64.7 3 f 
0.005 0 —11.6 — 49.5 3 - 
12 — 24.5 — 33.0 2 
0.01 0 —14.4 — 47.0 7 ] 
| — 47.0 — 82.5 4 H 
0.01 0 —10 — 37.5 2 : 
2 —33 — 76 ] 
13 -22 — 38 ] 
40 —10 —22 l 
Iodoacetate i 0.0002 0 —35.5 — 75.5 2 
3 — 33 —8l 1 
8 ~33 ~79.5 i 
15 —60 — 84 
0.0002 0 —7 50 1 f 
4 —10 — 51 l ? 
11 —7 — 57 ] 
17 13 —69 I 
0.001 0 0 — 43 ] 
5 0 — 56 l i 
rr 7 —62 I } 
— e 
Fluoroacetate ba 0.001 | 0 —29 —79 l 
20 —27 —37 ] 
30 —37 —28 ] 
0.001 0 —23 —69 | 
12 | —47 —61 | I : 
36 —33 —34 | l : 
50 — 100 —100 l ‘ 
0.001 0 —17 — 46 2 
20 Ree —17 1 
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TABLE X—Continued. 
| o Oo 

Substance _ Molar concn. “on oa _—- Tests 
Malonate 0.005 0 ~e ae | 3 
5 —6.0 —54.5 | 2 

0.01 0 =i —54 2 

7 = —59 1 

0.02 0 —5.3 —51.0 4 

10 —1.0 —51.5 2 

20 0 — 50.5 2 

Pyrophosphate 0.0025 0 0 —46.5 2 
15 0 —50 1 

Phloridzin . 0.0001 0 <a —60 2 
6 $3 —6l 1 

0.001 0 <a —60 2 

11 mm —68 1 

Magnesium 0.00061 0 0 — 34 2 
3 nf = 1 

0.0021 0 0 ae 2 

3 = —34 1 

0.0041 0 = —63 2 

3 —18 —64 1 

Lithium 0.0091 0 — 33 — 59 P 
3 —29 —66 1 

Calcium 0.00036 0 mf —43.5 2 
3 0 —60 | 1 

0.00072 0 =f —44,3 2 

3 —6 —50 1 

0.00108 0 —4.5 —40.3 4 

3 —6 —47.5 2 

0.00144 0 - —44.8 2 

3 _ —43 1 

0.0027 0 —24.7 — 50.7 6 

3 —28.0 — 50.9 | 3 

0.0036 0 —— —45.7 | 4 

3 m —44.5 2 

0.0054 0 —6.3 —40.4 | 5 

3 fs i 3 

0.0072 | 0 2 — 53.3 | 5 

3 ~27.3 — 46.5 3 

0.009 0 mt aan 4 

3 26.0 — 48.0 2 

0.0108 0 —24.5 ~ 54.2 4 

3 -55.5 —69.2 3 

tassium 0 0 _ —59.7 2 

3 —36 ah 1 

0 0 —23 —63.2 2 

7 —74 —9] 1 

0.004 0 eg 2 | 2 

5 a ae 1 

0.0054 0 —18.2 eT 8 

3 —15.8 —48.0 4 

0.0094 | 0 = % —55.0 14 

| 3 ~16.6 —47.3 | 7 

0.0094 0 mh — 46.3 4 

10 ee —38.0 | 2 

0.0127 0 = —62 | 2 

3 ~~ —49 | 1 
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TABLE X— Continued. 


| 





Exposure % change | % change 
(min. ) in rate | in ampl. 


Substance | Molar concn. | 





Adrenaline .. 7 1:10’ | —18.1 —55.7 
|. —8$5 ~56.5 
5:10’ — 15.5 — 57.5 

—19 — 53 





Nicotine... oa | 1: 10° —15 — 57 
—14 —51 





Oxygen ran .. | Partial —27 —67 
anoxia | —23 —74 
Complete — 14.5 — 57.5 
anoxia —10 — 59 
Complete —13 — 59.5 
anoxia —8 —62 





the rate or amplitude during the time that the action of acetylcholine is being 
observed and modifying the action in an artificial manner. For this reason, as far 
as possible, the acetylcholine was added only when the auricles had reached a steady 
functional state after the addition of the substance whose action was being tested. 
It was also important that complete removal of the test substance was achieved 
before the second control reading was taken. 

One might suppose a priori that there would be possibly a general relationship 
between the absolute magnitude of the rate and amplitude and the quantitative 
response of the auricles to acetylcholine. In other words, the response of the auricles 
to acetylcholine might depend on the functional level of the tissue independently of 
factors that increase or decrease this level. If a depressant slowed the rate and 
decreased the amplitude, the action of acetylcholine on such an auricle would auto- 
matically be increased or decreased as a result of the depression, this change being 
independent of the fundamental alterations brought about by the depressant sub- 
stance. However, there is no evidence that this is so, and the observations in the 
present investigation definitely lend support to the view that there is no necessary 
relationship between acetylcholine response and functional level. Careful inspection 
of the various results where the amplitude or rate has been raised or lowered by 
various substances, change in temperature, or other factors, reveals no correlation 
between these changes and any modifications in response to acetylcholine. As an 
example, the action of acetylcholine on the auricular rate was quite constant between 
21° and 34°, during which time the absolute rate had changed from 33 to 13. 
Although adrenaline increased both rate and amplitude markedly, it was found th: 
the response to acetylcholine was not changed. Some depressants of auricular activit 
increased the sensitivity to acetylcholine and some decreased it. It is likely th: 
the observed modifications in the responses to acetylcholine are real changes broug! 
about by the altered states of the cardiac muscle cells and are not mere artefacts. | 
must always be remembered in such work that if a substance potentiates the actio 
of acetylcholine, it may be doing this by an inhibition of the cholinesterase in th 
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jiac tissue ; conversely, a depression of the acetylcholine response may be due 
an activation of the cholinesterase. This factor is very difficult to eliminate 
cause experiments made when the cholinesterase was completely inhibited by 
j.ysostigmine (10°) were inaccurate owing to the slowly increasing depression 
sught about by accumulation of endogenous acetylcholine. 


tion of metabolic substrates on the acetylcholine response 


The substrates that had no definite effect on the acetylcholine response were 
succinate, fumarate, citrate, oxalacetate, glutamate, butyrate, B-hydroxy-butyrate, 
and caprylate. Pyruvate, malate, and acetate showed some ability to modify the 
acetylcholine action but these effects were never striking. No remarkable change in 
sensitivity to acetylcholine was brought about by the presence of any of these sub- 
strates and consequently it is unlikely that acetylcholine depresses the auricular 
tissue by inhibiting metabolic reactions providing energy for the functioning of 
the cardiac tissue. When the auricles were markedly depressed (rate -50 to -— 60 
per cent, amplitude - 70 to - 80 per cent) by high concentrations of acetylcholine 
which had been built up by several successive additions, the final concentration of 
acetylcholine reaching 5 x 10° to 10°°, the addition of any of the substrates used had 
no effect and never produced any recovery of the auricles or in any way altered 
the level of activity. The action of acetylcholine on the auricle is also quantitatively 
unlike that of any metabolic inhibitor used in the previous study (Webb, 1950) and 
this lends support to the conception that acetylcholine is not acting by simply 
depressing or blocking some metabolic reaction. The observation that acetyl- 
choline decreases the respiration of beating cardiac tissue is probably to be explained 
on the basis of a fall in oxygen consumption accompanying the decreased activity, 
rather than as a direct effect of acetylcholine on the metabolism. 

Although the effect of pyruvate on the acetylcholine response was not marked 
it was quite constant. At all concentrations and time intervals used there was a 

entiation of the action on the amplitude (an average of +7.9 per cent with pro- 
erly weighted observations) and either no action on the rate response or a decrease 
n average of -—12 per cent). Neither the concentration of the pyruvate nor the 
(me of exposure to it was found to be of importance in this action. Lower con- 
ntrations of acetate were found to decrease the action of acetylcholine (average 
-15.8 per cent for rate and -11 per cent for amplitude ; 0.0005- 0.001 mM, 
posure of 3 minutes), but higher concentrations and longer exposures had the 
erse effect (average of +84 per cent for rate and +10 per cent for amplitude ; 

'!-0.03 M, exposures of 10-15 minutes). Malate, in general, seemed to behave 

ich like acetate, antagonizing the acetylcholine effect on amplitude at low con- 

itrations and potentiating it at higher concentrations and longer exposures, 
hough the relative scarcity of data here does not allow definite conclusions to be 
iwn. 

No previous work of this type has been done on the heart, but one may recall 

> report that high concentrations of butyrate and 8-hydroxy-butyrate decrease 
> sensitivity of skeletal muscle to acetylcholine (Torda and Wolff, 1946) while 


a has been shown to increase the vasodilator action of acetylcholine (Densham, 
27). 
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Action of metabolic inhibitors on the acetylcholine response 


Cyanide at a low concentration (0.0001 M) antagonized the action of acetylcholin: 
on the auricles slightly (average of — 9.5 per cent for rate and - 10.5 per cent fo 
amplitude), but at higher concentrations, when its action was more pronounced, ther. 
was potentiation of the acetylcholine (average of +20.3 per cent for rate and +9. 
per cent for amplitude ; 0.0005—0.001 mM). Azide behaved very much like cyanide, 
the potentiation of the action of acetylcholine proceeding as the degree of azide 
depression increased, although little effect was seen on the rate response in these 
experiments. During marked azide depression there was approximately a 19 per 
cent potentiation of the amplitude response. It was also noted that whenever azide 
was used, the sensitivity of the auricles to acetylcholine remained high long after 
the azide had been thoroughly washed out and its effect had disappeared. 

Iodoacetate definitely increased the response of the auricles to acetylcholine and 
this effect became more marked as the iodoacetate inhibition proceeded. Such an 
increase in potentiation may be seen in each of the three time series given in Table X. 
Torda and Wolff (1946) reported that iodoacetate had no influence on the reaction 
of skeletal muscle to acetylcholine and thus concluded that SH-groups were not 
involved in the action of acetylcholine. Despite the fact that in the rabbit auricle 
a definite effect of iodoacetate on the acetylcholine response was observed, it is not 
inferred that SH-groups are directly involved in this change of sensitivity. The action 
of iodoacetate is in marked contrast to that of fluoroacetate, for this inhibitor only 
antagonized the action of acetylcholine on the amplitude. This effect was quite 
striking when the depressant action of fluoroacetate was well advanced, the action 
of acetylcholine on the amplitude being reduced to less than half its normal value. 

Fluoride was found to have a complex effect on the response of the auricles to 
acetylcholine. At first, for approximately the first five minutes after addition of 
the fluoride, there was a marked potentiation of the acetylcholine effects on both 
rate and amplitude (the optimal effect was at one minute), but this augmentation 
gradually disappeared and was replaced by an antagonism to the actions of acetyl- 
choline. Fluoride has a biphasic effect on the normal auricle (Webb, 1950) but, 
although the time relations are similar, it is not likely that there is a correlation 
between this and the modifications of acetylcholine action. The primary acety!- 
choline potentiation by fluoride is probably related to the known inhibition of 
cholinesterase by fluoride. No previous work has been done on the heart, but 
Kahlson and Uvnis (1935) found that fluoride increased strongly the sensitivity of 
frog skeletal muscle to acetylcholine, the potentiation occurring at concentrations of 
fluoride too low to inhibit cholinesterase in vitro and, furthermore, occurring when 
cholinesterase was inhibited by physostigmine. Torda and Wolff (1946) found the 
same thing but assumed that the action was through the cholinesterase although 
without any evidence for this. Crivetz (1946) reported that fluoride did not prevent 
the stimulating action of acetylcholine on frog skeletal muscle but did not mention 
any potentiation. 

The initial depression of normal auricles by fluoride (0.01 M) was not rapid ar | 
required four to five minutes for its full development. However, if fluoride w 
added to auricles that were partially depressed by acetylcholine, the auricles we 
very rapidly stopped, usually within one to two beats. This action paralleled ve 
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sely that of physostigmine under similar conditions. One way of testing the 
ssibility that the potentiating action of fluoride is by inhibition of the cholinesterase 
is to determine whether there is any augmentation by the fluoride of the effects of 
ubstances that act similarly to acetylcholine, e.g., pilocarpine and carbachol. This 
ocedure was somewhat difficult because these substances act more slowly than 
acetylcholine and one must separate their actions from those of the fluoride itself. 
The results are given in Table XI. Although in some instances a slightly greater 


TABLE XI 


MODIFICATIONS OF THE ACTIONS OF PILOCARPINE AND CARBACHOL BY PHYSOSTIGMINE AND 
FLUORIDE 


Substance Molar concn. Exposure | % change | % change 





(min.) | in rate in ampl. 





| PILOCARPINE | | 
Fluoride .. “ 0 —21 —30 
—29 — 46 

—7 —32 

—18 —28 

—18 —24 

—22 —27 

Physostigmine - —14 —22 
—27 —27 


ee eet et et ee 





CARBACHOL 
Fluoride a bs ; 0 —25 — 46 
2 —30 — 34 





effect of pilocarpine was observed when fluoride was present, there was not the 
marked effect seen in the acetylcholine response. These minor changes could be 
explained by mere summation of the effects of pilocarpine and fluoride. It is interest- 
'g to note that physostigmine slightly potentiated the action of pilocarpine, for this 
\ight help to explain part of the fluoride effect. This potentiation may be related 
'o the ganglionic action of pilocarpine which, although normally small, might be 
reatly magnified when the auricles were sensitized by physostigmine, although it 
is found that nicotine (10°, exposure time of 10 minutes) did not block any of 
e actions of pilocarpine (10°). No potentiation of carbachol action by fluoride 
4s Observed. From these experiments we may conclude that the potentiating action 
' fluoride on the acetylcholine response is primarily due to the inhibition of 
1olinesterase, but that later some further alteration takes place whereby the action 
‘ acetylcholine is inhibited or antagonized. 
Malonate had no observable effect on the acetylcholine response of the auricles 
nd no marked effects were observed with either pyrophosphate or phloridzin. 


fect of glucose deficiency on the acetylcholine response 


If the auricles were allowed to beat in glucose-free medium, there was no obvious 
lange in their response to acetylcholine for one to two hours, but it was then 
served that the action was quantitatively altered so that there was slightly more 
epression of the rate and slightly less depression of the amplitude. The following 
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results were obtained in experiments with auricles from three animals involving 6£ 
determinations of the acetylcholine response: With glucose present, - 11.2 per 
cent change in rate and -59.9 per cent in amplitude ; with glucose absent, - 15.| 
per cent change in rate and - 51.0 per cent in amplitude. It is likely that thes« 
differences are significant because the response to acetylcholine soon reverted to it 
original value when glucose was restored to the glucose-depleted auricles. It thu 
seems likely that the response of the auricles to acetylcholine can be modified b) 
the type of metabolism proceeding within the cardiac tissue, confirming general]: 
the results obtained above with the metabolic inhibitors. 


Effect of anoxia on the acetylcholine response 


Auricles made partially or completely anoxic invariably showed a slightly greate: 
amplitude response to acetylcholine and a slightly smaller rate response, but the 
effects were not marked and one may question their significance. The auricles were 
made partially anoxic by stopping the oxygenation of the medium ; they were made 
completely anoxic by bubbling nitrogen through the medium. The behaviour of the 
auricles under anoxic conditions is shown in Fig. 9. It will be seen that at the times 





Fic. 9.—Effect of partial 
and complete anoxia 
on rabbit auricles. 
Average curves from 
five experiments. 
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of testing the acetylcholine response the auricles were definitely depressed. It is 
interesting to note that anoxia initially induces a stimulation of both rate and ampli- 
tude before the depression begins. This may be related to a similar temporary 
stimulation observed with cyanide. In two experiments it was noted that auricles 
under the influence of acetylcholine and physostigmine, which had developed some 
tolerance during the treatment, were more resistant to anoxic conditions, and tha! 
the above-mentioned initial stimulation was both more marked and more prolonge« 


Effect of altering the ionic composition of the medium on the acetylcholine respons’ 


The actions of high and low concentrations of calcium and potassium on th 
rabbit auricle are shown in Figs. 10 and 11. Altering the concentration of calciu! 








FIG. 


ACETYLCHOLINE ON THE RABBIT AURICLE 


10.—Effect of calcium 
concentration on 
auricular amplitude. 


the 


IN AMPLITUDE 


PERCENTAGE CHANGE 


+100 


+ 
s 








-————“——“—“ “_“|8 ee ee eee eee eneennaen ene nn en ee oe = 


— 


1 





0.0018 M 


0.00108 m 


0.00072 m 








I 
TIME (MINUTES) 











l 


0.0107 m 


0.0127 ™ 





100 y 


TIME 


I 
(MINUTES) > 





Fic. 11.—Effect of potas- 
sium concentration on 
the auricular amplitude. 








362 J. LEYDEN WEBB 


or potassium within reasonable limits had very little effect on the auricular rat 

despite large changes in the amplitude. The opposing actions of these two ions a: 

well demonstrated on the rabbit auricle, although the functional level is not depende: 

merely on the ratio of the concentrations of these ions. Magnesium in concentr: 

tions between 0.0006—0.004 mM (normal concentration in the medium is 0.0001 ») 
had no observable effect on the rate and only a slight depressant action on the 
amplitude. Lithium (0.0009-0.009 mM) had essentially no effect on the rate and 
amplitude of normal auricles. 

The earlier work dealing with the actions of ionic changes on the cardiac response 
to acetylcholine and related drugs was done almost exclusively on frog hearts. Loewi 
(1912) reported that neither high nor low calcium concentrations influenced the 
actions of pilocarpine and muscarine, but Zondek (1920) found that increased 
calcium concentration depressed the action of muscarine on the frog heart, an 
observation soon confirmed by Kolm and Pick (1921) for acetylcholine as well as 
muscarine. Clark (1927) by more thorough work established that a high calcium 
concentration antagonized the action of acetylcholine, but stated that low concen- 
trations had no influence on the response. With regard to the action of potassium, 
Bouchaert (1921) observed that frog hearts responded less readily to pilocarpine in 
low potassium concentrations and Davis (1931) found that frog hearts were less 
sensitive to acetylcholine when the potassium concentration was low. However, 
Clark (1927) found the reverse to be true, namely that low potassium increased the 
action of acetylcholine while high potassium decreased it. Recently Graham (1949), 
working with rabbit auricles, has confirmed the finding of Clark, the action of 
acetylcholine being more pronounced in low potassium concentrations. 

The results obtained in the present work are graphically represented in Figs. 12 
and 13 and recorded in Table X. It is evident that the response of the auricles to 
acetylcholine was definitely altered by changes in the ionic composition of the 
medium. With regard to the action of acetylcholine on the amplitude, low con- 
centrations of both potassium and calcium augmented it whereas high concentrations 
reduced it. In this respect the rabbit auricle behaved quite similarly to the frog 
heart. With regard to the action of acetylcholine on the rate, the effect of changing 
the potassium concentration ran parallel with the changes in amplitude response, 
but with calcium we find a very marked difference. Low concentrations of calcium 
had very little effect on the rate response to acetylcholine, but high concentrations 
definitely potentiated it. This was not only manifested in the degree of depression 
produced, but also in the rate of the acetylcholine action, the slowing of the rate 
being almost immediate in the higher calcium concentrations whereas in the norma! 
medium the maximal effect on the rate was observed only after 30-60 seconds. 
Concentrations of acetylcholine (10°) that would not stop the auricles in norma! 
medium often did this in high calcium concentrations, the cessation of the beat 
being due to a failure in the discharge of impulses from the pacemaker cells. When 
the auricles did beat, they beat with very large amplitude. We have here an instan ec 
where the rate mechanisms were selectively depressed while the amplitude of co 
traction was much greater than normal, the opposite condition of the normal auric © 
which is stopped by acetylcholine while the pacemaker cells are still dischargir 
The behaviour of the auricles to acetylcholine under these high calcium concentr - 
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Fic. 12.—Effect of calcium 
concentration on the 
auricular response to 
acetylcholine. 
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ns was Often erratic. Occasionally a stimulation of the amplitude was observed 
: hough the rate was markedly slowed. In general one may conclude that a high 
Y iclum concentration has the tendency to potentiate the effect of acetylcholine on 
: ‘ Tate, at the same time blocking the depressant action on the amplitude while 


‘ving the stimulant component of the acetylcholine action untouched. 
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It is obvious that these changes in sensitivity to acetylcholine were not simp 
due to changes in the rate and amplitude brought about by the ionic changes in t! 
medium, for we found, for example, calcium and potassium to produce the san : 
modification in the acetylcholine response and yet one increased and one decreas: J 
the amplitude. It is also unlikely that potassium reduced the action of acetylcholii¢ 
by competing with it for some receptor group since it is quite certain that potassiu:n 
does not produce its depression of cardiac tissue by acting at the same location «is 
acetylcholine does. In the rabbit auricle this is definitely seen by the fact that 
concentrations of atropine between 5 x 10° and 5 x 10“, concentrations capable of 
blocking all acetylcholine action, had absolutely no effect on the depressant action 
of potassium. It is probable that we must look for the relationship between acety|- 
choline and these ions in the changes of state induced in the cellular membranes and 
the contractile proteins of the muscle. 


Effect of temperature on the acetylcholine response 

There has been no quantitative work on the effect of temperature on the cardiac 
response to acetylcholine. Clark (1926) reported that there was no definite effect in 
the frog heart, while Rost (1923) had stated earlier that the lower the temperature 
the less the action of muscarine on the frog heart. The effects of changing the 
temperature on the activity of the rabbit auricle are shown in Fig. 14 and the modi- 
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Fic. 14.—Effect of temper- 
AMPLITUDE ature on the normal 
auricular rate and 
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fications induced in the response to acetylcholine are given in Fig. 15. The curve 
are averages from two series of experiments, each experiment involving two to th: ° 
determinations of acetylcholine response at each temperature. The auricular r 
showed a marked and regular dependence on the temperature, the Q,, being alm 
exactly 2.5 over the range investigated. The amplitude changed relatively 1i 
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below 34° but above this temperature it steadily fell. This decrease may be due 
to ine rapid rate energetically restricting the contractile mechanism. That it is not 
merely a mechanical restriction imposed by the rapid rate is shown by the fact 
that auricles beat with even greater amplitude at the very rapid rates that may be 
induced by adrenaline. 
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The effect of acetylcholine on the auricular rate was relatively constant from 21° 
to 33° and then began to decrease. At the highest temperatures the action on the 
rate may almost entirely disappear. The amplitude response rose to a maximum 
around 32°—33° and then fell off at higher temperatures. The general picture leads 
one to conclude that there are several factors involved in these changes. The decrease 
in amplitude response to acetylcholine above 33° paralleled quite closely the decrease 
in the amplitude at these temperatures and one is tempted to assume a relationship. 
One factor that must be of some importance is the activity of the cholinesterase at 
\arious temperatures, since it has been shown that the quantitative response of the 
auricles to acetylcholine is largely governed by the activity of this enzyme. Like 
most enzymes, cholinesterase increases in activity with increasing temperature. This 

s been demonstrated in intact rabbit heart muscle by Genuit and Labenz (1941) 

ugh perfusion experiments, although their results were complicated by possible 

inges in the coronary flow. An increase in cholinesterase activity as the tem- 
ature rises should reduce the effectiveness of acetylcholine and this may con- 
oute to the falls in rate and amplitude response above 33°, but it is quite certain 
t there are other important factors, the nature of which is at present unknown. 
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(ion of adrenaline on the acetylcholine response 
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It has been claimed recently that the presence of acetylcholine modifies the action 
idrenaline on the frog heart (Loewi, 1949). Low concentrations of acetylcholine, 
ich were almost without depressant effect, were able to antagonize the stimulant 
‘ion of adrenaline, while higher concentrations almost abolished the adrenaline 
ponse. If acetylcholine antagonizes the actions of adrenaline, it might be expected 
( the reverse would hold true, namely that the presence of adrenaline would inhibit 
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However, Kolm and Pick (1920) have shown t! 


the vagus on the frog heart and recen 


Middleton and Talesnik (1949) have demonstrated that perfusion of cat or guin: : 


pig hearts with adrenaline increases th 
investigation on the rabbit auricle it w 
tion in the response to acetylcholine w 
the presence of adrenaline (10: rat 
5x 107: rate +50 per cent, amplitud 
cate that acetylcholine and adrenalin 
auricle, but merely exert their actions ii 
interference of one with the other. 


Endogenous fori 


There are ganglion cells and post-; 
is possible that these slowly and conti 
sible that some acetylcholine is forme 
independently of the nerves that are 


being depressed to any extent by endog 


to suppose that addition of atropine w: 
result in a certain stimulation of the aur 
was added to normal auricles, there \ 
and a slight stimulation in the other 
+7.1 per cent for amplitude). This 
acetylcholine present in the auricular 
in other cases the acetylcholine formed 
at a rate sufficient to maintain the cor 

Addition of physostigmine or neo 
also indicate the presence of acetylch 
will continue to accumulate and exert ¢ 
and neostigmine in concentrations be 
depression of the auricles and the ext 
the auricles from different animals, in 
choline. In Table XII are given the 
upon addition of 10° to 5x 10° phy 
centration level of physostigmine, the 
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as found that there was no particular alte: a- 
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yuld induce a release from this inhibition and 
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if ‘1c concentration is increased there is always the danger that the drug is exerting 
“a direct action of its own. These results may not be a true measure of the rate 
of formation of acetylcholine because it is possible that some of the acetylcholine 
was rebound or otherwise disposed of. Furthermore, there is the development of 
tolerance to the acetylcholine that is formed and this would to a certain extent 
counteract the depression. It was noted that the rate continues to decrease for a 
longer period of time than the amplitude, presumably because the rate mechanisms 
do not become rapidly tolerant to the acetylcholine. That these effects were due 
to the accumulation of acetylcholine was indicated by the rapid and effective 
stimulation of such auricles by atropine. 


DISCUSSION 


[he results of the present investigation have brought out clearly the great impor- 
tance of cholinesterase in the quantitative responses of the auricle to acetylcholine. 
The activity of cholinesterase is involved in the large variation between different 
hearts of the same species in the sensitivity to acetylcholine and probably plays a 
role in the differences between the hearts of different species. The marked difference 
between the responses in rate and amplitude to acetylcholine is partly based on 
different cholinesterase activities in the contractile cells and the pacemaker cells. 
The presence of cholinesterase influences the shape of the concentration-action 
curve for acetylcholine, making it flatter and producing a very wide range of effective 
acetylcholine concentrations. This important role of cholinesterase in the action 
of acetylcholine on the heart is equally reflected in the response of the heart to 
vagal stimulation in the intact animal. It is possible that the altered responses of 
the heart in disease are partly due to variations in the cholinesterase activity. There 
were auricles in the present work that gave very poor rate responses to acetylcholine, 
despite the fact that the amplitude was markedly depressed, and this was certainly 
duc to a particularly high cholinesterase activity in the pacemaker cells, for by the 
application of physostigmine to such auricles they were made to respond to acetyl- 
sholine by a typical slowing of the rate. It may be that in human hearts that are 

ormally slow or fast the vagal activity is not the only important factor but also 

response of the heart to the released acetylcholine and thus to the cholinesterase 
vity and the distribution of the enzyme throughout the heart. 

it is likely that by means of some structural arrangement cholinesterase reduces 

effective concentration of acetylcholine in those regions surrounding the receptor 

ips with which acetylcholine reacts. Various indications point to both the 
linesterase and these receptor groups being at or near the cellular surface. We 

e seen here that neostigmine is more potent than physostigmine on the auricle, 

', furthermore, acts just as rapidly or even more rapidly. Since neostigmine has 

uaternary nitrogen atom and is permanently charged, whereas physostigmine is 

‘ent to a certain extent in the uncharged form, it would appear that penetration 

such substances is not of importance in their actions upon the auricle. The 

plest conception of the manner in which cholinesterase reduces the concentration 
he acetylcholine is to assume a screen of these enzyme molecules at the surface 
he cell. If both cholinesterase and receptor groups lie on the same plane at the 
‘ular surface, as in Fig. 16a, the concentration of acetylcholine would be very 
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little reduced unless the enzyme moletules were quite close to the receptors, perha 0s 
intimately connected with them, becjuse the bombardment of the receptor grows 
by the acetylcholine molecules would proceed from the medium and the prob- 
ability of reaction with a receptor group would not be greatly influenced by ihe 
cholinesterase. It is difficult to undlerstand how the effective concentrations are 





—we CHOLINESTERASE —m REVEPTOR GROUP 











ceptor groups in the oriented 
micellar cell membrane. 


often reduced to less than 1 / 100th of {the external concentration by such an arrange- 
ment. For the same reasons, an arfangement as in Fig. 16B, where the enzyme 
molecules are arranged at the surface while the receptors lie within the membrane, 
is unlikely, for the cholinesterase would not interfere greatly with the entrance of 
the acetylcholine into the intermicellar spaces. It is more probable that by some 
means acetylcholine molecules are partially destroyed as they are diffusing to the 
receptor regions in such a manner as is roughly illustrated in Fig. l6c. These 
diagrams are, of course, not meant to represent reality closely but are presented only 
as a crude basis on which to picture the results of the present work. It is very 
difficult to work out quantitatively the kinetic relations involved here because the 
actual structural arrangement is all-important. We do know that the activity of 
cholinesterase rises with the concentration of acetylcholine to a maximum and then 
decreases, this decrease occurring at concentrations much higher than those employed 
in work on the heart; such might contribute to the increasing effectiveness of the 
cholinesterase as the acetylcholine concentration increases and the greater difference 
between the internal and external concentrations when the acetylcholine is present 
at the higher concentrations. 

In considering the influence of cholinesterase on the acetylcholine response of 
the heart we must bear in mind that three factors may alter: (a) the concentration 
of the cholinesterase, (b) the enzymatic activity of the cholinesterase, and (c) the 
structural arrangement between the cholinesterase and the acetylcholine receptor 
groups. The first factor would be of importance in determining differences betwcen 
different hearts and between different regions of a single heart, but in short t'me 
experiments with a particular tissue would be constant. The second factor would 
be of importance in determining the actions of substances that modify the respvnse 
to acetylcholine. However, the third factor would be of general importance i: all 
work of such nature. It is conceivable that two hearts might have the same con. ’n- 
trations of cholinesterase, of the same activity in the two hearts, but if the distr u- 
tion of the cholinesterase relative to the receptor groups varied the two tissues m -ht 
behave differently. Such structural variations may possibly give rise to the differ. ice 
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in :esponse of rate and amplitude ; it is not necessary that the enzymatic concentra- 
tions be different. But of even more importance is the question whether such spatial 
arr;ngements may alter in response to changes in the functional activity of the 
cardiac tissue or as the result of the administration of various substances. It is not 
likely that the cellular membrane is a completely static and rigid structure. There is 
evidence, through changes in permeability and electrical properties, that the cellular 
membrane undergoes structural changes during the passage of an impulse, perhaps 
in response to the marked alterations in the electrical field across the membrane. It 
would be expected that a micellar membrane (these micelles being held together 
by weak bonds) containing many charged groups would be of necessity spatially 
aliered by the great changes in the electrical field brought about by the passage of 
an impulse. Similarly, it is likely that reactions of these charged groups with drugs 
would produce some alteration in the membrane structure, such as an increase or 
decrease in the micellar distances. Such changes would not need to be great in 
order to modify the response to acetylcholine. 


It is highly probable that acetylcholine produces a change in the electrical pro- 
perties of the cardiac cellular membranes, but the exact nature of this change is 
unfortunately still obscure (Gaskell, 1887; Einthoven, 1908; Meek and Eyster, 
19]2; Einthoven and Rademaker, 1922; Samojloff, 1923; Bohnenkamp, 1923 ; 
Bertha, 1928 ; Bogue and Mendez, 1930; Gilson, 1932 ; Monnier and Dubuisson, 
1934a, b; Bacq and Monnier, 1935; Hénger, 1936; Lueken and Schiitz, 1938, 
1939: and others). The consensus of opinion is that the vagus and acetylcholine 
increase the resting potential and decrease the action potential. It seems quite 
certain that in nerve and muscle acetylcholine produces a depolarization of the 
membrane. Such alterations in the potential could be brought about either by a 
direct effect of acetylcholine on the membrane potential by combination with charged 
groups in the membrane or indirectly through modification of the processes respon- 
sible for the development of polarization or depolarization. On the former sup- 
position the exact positions of the acetylcholine receptor groups in the membrane 
would be of the utmost importance. If these groups were near the outer positively 
charged surface, combination with acetylcholine would lead to an increase in the 
potential, but if they were nearer the inner edge of the membrane the reverse effect 
would be obtained. Whether acetylcholine stimulates or depresses a tissue might 
¢epend on whether there is an increase or a decrease of the potential and this would 
h. controlled by the particular locations of the receptor groups in the membrane. 
‘'» the latter supposition, acetylcholine, by stimulating polarizing processes 

‘he cardiac cell membranes, would both increase the resting potential and decrease 

development of the action potential depolarization. Such a mechanism could 
ount for the observed decrease in the refractory period induced by acetylcholine 
the vagus (Raaflaub, 1914 ; Lewis, Drury, and Bulger, 1921 ; Andrus and Carter, 

9; Gilson, 1932 ; Wedd, 1934; Cohn and Macleod, 1939; Wedd and Blair, 

1S ; de Elio, 1947 ; and many others), the slowing of conduction rate (Dale and 

nes, 1913; Noth, Essex, and Barnes, 1939; Wedd and Blair, 1945), and the 

irtening of the action potential or excitation time (Hofmann, 1905, 1920; 

nojloff, 1914; Bertha, 1928; Bogue and Mendez, 1930; Lueken and Schiitz, 

38). Owing to the decreased degree and time of depolarization brought about 
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by the action of the acetylcholine, the excitation process would be decreased a: 
fewer myofibrils would contract in response to the passage of the impulse. Su: , 
changes would also slow the rate of discharge from the pacemaker cells, for it wou. | 
require a longer time for the development of a greater area of depolarization » 
order that the impulse might be propagated. 

Although over a period of time there would be a general and homogeneo:'s 
depression of the excitation process, at any specific instant there would probab'y 
be certain regions where acetylcholine was producing its effect and certain regioiis 
free from its action. If we imagine acetylcholine molecules at low concentration 
combining with micellar receptor groups here and there in a mosaic of such micelles, 
some regions would be inactive or “ dead,” the impulse either not passing over these 
regions or affecting them only to a minor extent. As the concentration of acety|- 
choline rises there would be some overlapping of these inactive areas and more and 
more interference with both the passage of the impulse and the excitatory state by 
which the myofibrils are stimulated to contract. 

Let us consider briefly the two mechanisms given above: the direct action of 
acetylcholine on the membrane potential by combination with charged groups and 
the indirect effect on the potential through stimulation of certain processes con- 
cerned with polarization of the membrane. The evidence at hand would seem to 
favour the latter. In the first place it is doubtful if static charges on the membrane 
micelles contribute to the electrical potential across the cell surface. Furthermore, 
it is difficult to understand why charged molecules like atropine or physostigmine 
do not produce similar effects since they also combine with groups on or in the 
surface. In the present investigation it was shown that the action of acetylcholine 
could be modified by changing the metabolic state of the cardiac tissue (presence of 
certain substrates, presence or absence of glucose, anoxia, action of most metabolic 
inhibitors) and this relationship can better be explained or visualized if we assume 
that acetylcholine is acting upon a process involving, directly or indirectly, metabolic 
reactions. The electrical potential across the membrane of a cardiac cell is main- 
tained with the energy derived from these metabolic reactions ; such reactions most 
probably proceed within the membrane, otherwise long-range transference of energy 
would have to be invoked. Since the membrane potential is primarily due to an 
asymmetrical distribution of ions, it is likely that in some manner these metabolic 
reactions are connected with ion movements within the membrane. If this is so, 
it is logical to assume that these enzymatic reactions are spatially arranged in a 
definite way. These polarizing reactions are continuously active and any disturbance 
or inhibition of them would result in a gradual slowing down of the rate of polariza- 
tion, this in turn increasing the action potential, increasing the refractory period, and 
speeding the impulse conduction. Depression of the polarizing reactions could result 
from either a direct inhibition of one of the steps or a diversion of the substrates 
and intermediates involved so that their energy could not be properly utilized. It 
is not likely that the acetylcholine molecule acts as an active prosthetic group in any 
enzyme complex and yet it acts catalytically in the sense that the effect produced 
is out of proportion to the amount of acetylcholine involved. However, such 
behaviour could be explained on the basis that acetylcholine acts as a structur! 
link between certain enzymatic reactions, facilitating an energetic coupling a'd 
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ering the path of energy flow. Through the action of acetylcholine, two enzymes 
a sequence of metabolic reactions may be brought closer together and the produc- 
n of utilizable energy by this metabolic system thus increased. Such an action 
yuld explain the fact that both ends of the acetylcholine molecule are of importance 
its effect and also the observation that the distance between the “ active centres ” 
the acetylcholine molecule must lie within a certain range for maximal activity 
ag, 1949). We may further assume that the polarizing reaction consists metabolic- 
'y of two general parts: a low-energy phase which is instrumental in maintaining 
ihe resting potential and a high-energy phase responsible for the rapid repolariza- 
tion after the passage of an impulse. The former would operate continuously and 
the latter cyclically. These two phases may correspond to the “resting” and 
‘activity’ metabolisms observed in many tissues. If so, it is probable that the 
high-energy phase, which is accelerated by acetylcholine, involves the cytochrome 
system. Whether stimulation of such a reaction would increase the resting potential 
or not is unimportant ; the modification of the action potential would be the real 
factor in determining the response of the contractile units. Most changes in cardiac 
function are probably not brought about by a direct action on the contractile units, 
the activity of which is principally controlled by the level of ATP; it is usually 
only when the ATP drops to a sufficiently low concentration that there is an inter- 
ference with the functioning of such units. 


Let us consider inhibition of the polarization process and the resulting distur- 
bances in cardiac contraction. A substance that specifically inhibited the high-energy 
or “ active ” phase would alter the resting potential very little but would retard the 
repolarization process following the passage of an impulse, or during the passage 
of the impulse, and thereby increase the degree and duration of the excitation state. 
Such an action would produce stimulation of the heart. On the other hand, a 
substance that predominantly inhibited the “resting” phase would progressively 
lower the resting potential and this would soon limit the development of the action 
potential and depress the heart. A substance such as adrenaline might act in the 
former capacity and an inhibitor like iodoacetate in the latter. Cyanide, acting 
primarily on the cytochrome system, would first inhibit the “active” phase and 
cause some stimulation ; however, this would be soon followed by depression owing 

) the decrease in the resting potential. If the resting potential of the cardiac tissue 
. id dropped to a value that did not allow the conduction of effective impulses, the 
addition of acetylcholine might stimulate the heart by increasing the potential to 
the level where activity could be resumed. This would not occur, of course, if the 
metabolic systems in which acetylcholine acted were inhibited (e.g., by cyanide, 
iodoacetate, and other inhibitors), but it might well account for the stimulation of 
(.y-old, exhausted auricles by acetylcholine. In the latter, there is sufficient sub- 

ite but the enzyme complexes may have become disorganized so that insufficient 

rgy is available to maintain the resting potential ; acetylcholine may temporarily 
nulate these systems by facilitating the coupling discussed above. 

Assuming such general mechanisms of action as outlined above, how can we 

‘lain the spontaneous recovery of the auricles in the presence of acetylcholine and 

temporary stimulation that was observed after the acetylcholine was washed 

n the bath? We shall consider first the recovery that occurs in the presence 
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of physostigmine and thus does not involve the cholinesterase. In the normal auric 
there is probably a certain level of intermediate substrate which may be utilized | 
the “active” phase of the polarization process. When this “active” phase , 
accelerated by the addition of acetylcholine the initial effect is maximal but it 
gradually slowed as it depletes this level and becomes adjusted eventually to t 
equilibrium conditions wherein its rate is limited by the rate of formation of suc\ 
substrates. This would explain why the auricles under acetylcholine influence fina] y 
reached certain levels of activity and did not exhibit complete recovery. When the 
acetylcholine is removed (or suddenly inhibited in its action by atropine), tlic 
“ active ” phase would operate for a short time more slowly than in normal auricles, 
owing to the readjustment that must be made between it and the “resting ” 
metabolism, and during this time the auricles would be stimulated as the result of 
a decreased repolarization rate. From the fact that there is no recovery in the 
presence of potassium and no stimulation after its removal, we may conclude that 
potassium does not inhibit the cardiac tissue in the same manner as acetylcholine. 
With regard to that minor portion of the recovery that is dependent on the cholin- 
esterase, we may postulate that it is due to a slight spatial readjustment between 
the cholinesterase molecules and the acetylcholine receptor groups, inasmuch as it 
is improbable that the enzymatic activity of the cholinesterase can change under 
such conditions. Such a small structural change in the cellular membrane is not 
at all unlikely during the altered functional state of the cardiac muscle. 


It is very difficult to discuss the possible mechanisms by which various factors 
may modify the action of acetylcholine on the auricles. The situation is too complex 
to allow an accurate analysis at the present time. The addition of some substance, 
for example, might alter the action of acetylcholine by (a) changing the affinity 
between the receptor groups and acetylcholine, (b) changing the activity of cholin- 
esterase, (c) altering the spatial relations between cholinesterase and the acetylcholine 
receptors, (d) modifying any of the enzyme systems which are involved in the polar- 
ization process, or (e) changing quantitatively the response of the contractile units 
to the excitation state. That pyruvate potentiates the action of acetylcholine might 
be taken as evidence that pyruvate can serve as a substrate for the “active ” phase 
of the polarization process, but such generalizations are dangerous when other 
mechanisms are possible. It is interesting to note that most metabolic substrates 
were found to depress the auricles (Webb, 1950) and some of these may do this by 
increasing the rate of the repolarization reaction. The action of the metabolic 
inhibitors on the acetylcholine response is even more complex because none of the 
inhibitors are truly specific and, furthermore, even a specific action would lead to 
many secondary changes in the general metabolic pattern. It is also impossible to 
predict what a simple lowering of the resting potential would do to the acetylcholine 
response. The metabolic inhibitors were shown to have definite and distinctive 
effects upon the response of the auricles to acetylcholine, but the elucidation of tic 
mechanisms involved must await the time when we shall have more knowledge «f 
the behaviour of the systems involved. We might expect that cyanide would depres 
the acetylcholine response by reason of its inhibition of the cytochrome system and 
indeed it does this at low concentrations of cyanide, but at higher concentration», 
when the resting potential is probably strongly reduced, it has the opposite acti: 





ACETYLCHOLINE ON THE RABBIT AURICLE 373 


is not so surprising that iodoacetate should increase the acetylcholine action 
cause it would decrease the resting potential without interfering markedly with 
‘ie “active” phase or the formation of substrates upon which this phase may act 
g., fat metabolism may proceed to some extent in the presence of iodoacetate). 
‘| is also not surprising that fluoroacetate should antagonize the acetylcholine 
response, if it interferes with the functioning of the tricarboxylic acid cycle, for 
might effectively reduce the formation of substrates upon which the “active ” 
phase depends. However, these are only tentative suggestions. The effects of high 
and low concentrations of calcium and potassium on the response to acetylcholine 
are also clear and distinctive, but even less is known about how these ions act than 
about the changes induced by metabolic inhibitors. These simple ions, by virtue 
of their ability to alter the charges on micelles and enzymes, might easily influence 
the ability of acetylcholine to accelerate the coupling of the “active” phase of the 
polarization process. Excess calcium stimulates the auricular amplitude and it 
could do this by interference with the normal initiation of the repolarization reaction 
during the passage of the impulse and by the same mechanism make it more difficult 
for the acetylcholine to stimulate this reaction. Lack of calcium would then produce 
the reverse effect as observed. Although potassium acts by a mechanism different 
from that of acetylcholine, it is likely that it influences the polarization process in 
some manner, since it temporarily stimulates before it inhibits and also stimulates 
somewhat when it is present in a concentration lower than normal. Simply by acting 
in the same direction as acetylcholine, potassium might reduce the effectiveness of 
acetylcholine despite the fact that the two substances are acting in different ways. 
Throughout this discussion the effects of acetylcholine on the amplitude of the 
auricles have been emphasized because so little is known concerning the processes 
controlling the rate of discharge from the pacemaker cells. The pacemaker cells 
evidently possess cyclical depolarization reactions in addition to the processes which 
restore the electrical potential and this introduces further complexity. It is true that 
effects upon the rate and amplitude usually run parallel, but there are instances 
where distinct differences are seen, for example in the potentiation of the rate 
response to acetylcholine by excess calcium while the amplitude response is decreased. 
Previous work with metabolic substrates and inhibitors showed that the processes 
ontrolling rate and amplitude differ metabolically and it is not surprising that these 
differences should manifest themselves in an investigation of the response of the 
uricle to acetylcholine and of the modifications of this response. 


CONCLUSIONS 


1. A quantitative investigation of the action of acetylcholine on the rabbit auricle 
vas made in the effort to obtain evidence that will be of use in the elucidation of 
ie mechanism of action of acetylcholine. 


2. It was shown that the response of the auricle to acetylcholine is dependent 
1 the activity of cholinesterase in the cardiac tissue and the distribution of this 
izyme within the tissues. Variations between different auricles with regard to the 
sponse to acetylcholine, the difference between the rate and amplitude responses, 
id the position and shape of the concentration-action curves for acetylcholine were 
| demonstrated to be dependent on cholinesterase activity. 
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3. A general picture of how cholinesterase might reduce the effective acety] 
choline concentration in the region of the acetylcholine receptor groups is presented 
If such a situation exists, it is evident that not only the concentration and enzymatic: 
activity of the cholinesterase is of importance, but also the spatial relations betwee: 
the cholinesterase and the acetylcholine receptor groups. 


4. The spontaneous recovery of the auricles in the presence of acetylcholin: 
and the simultaneous development of tolerance to acetylcholine were investigated, a: 
well as the stimulation observed after the acetylcholine is removed from the bath 
or its action prevented by atropine. 


5. The influence of various factors upon the acetylcholine response was deter- 
mined. These factors included the presence of metabolic substrates and inhibitors, 
glucose deficiency, anoxia, changes in the temperature, changes in the ionic 
composition of the medium, and adrenaline stimulation. 


6. Some experiments were made to exhibit the extent of the formation of 
endogenous acetylcholine in the auricular tissue. 


7. A general theory of the action of acetylcholine is presented as a working 
basis and the results of the present work are discussed relative to this theory. 
Acetylcholine is pictured, in this theory, as able to stimulate certain repolarization 
processes in the cellular membranes through acceleration of the coupling of a 
high-energy or “active ” phase on to a low-energy or “ resting ” metabolism, thereby 
reducing the extent and duration of the excitatory state. 
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It would be valuable, in certain conditions, to be able to antagonize the actions 
of oestrogens in the body; thus, for example, oestrogen antagonists might be the 
optimum form of treatment in certain types of menorrhagia. We have attempted 
to produce such substances by making derivatives and analogues of triphenylethylence. 
It was hoped that these would, by a mechanism of substrate competition, prevent 
the action of the oestrogen on the effector organ. Triphenylethylene was chosen as 
the parent oestrogenic substance because it has a fairly simple structure, and deriva- 
tives and analogues of it can be fairly readily made. The results of the investigation 
have, unfortunately, been negative, but the results reveal interesting effects of certain ' 
chemical groupings on the activity of this group of oestrogenic substances, and may 
also prove of help to other investigators who wish to pursue a similar line of work. 



















METHODS 


Determination of oestrogenic activity—The substances were dissolved in oil and 
administered to groups of four or five ovariectomized mice by subcutaneous injection. 
Each mouse received the total dose in four injections given on the morning and evening 
of two consecutive days. With one substance (No. 65), which was an oil, one test 
was done by giving 50 mg. of the substance as a single subcutaneous injection. 
Smears were made on the evening of the next day and on the next two days, and for 
longer periods if positive results were being obtained. 










Determination of anti-oestrogenic activity—The anti-oestrogenic activity of the 
substances was tested against (i) a derivative of triphenylethylene, viz. D.B.E. (2-bromo 
2-phenyl-1! : 1-di-(p-ethoxyphenyl) ethylene) and (ii) the natural oestrogen, oestradiol. 

Each test was performed on five groups of five mice. Group 1 received 0.1 pg 
of oestradiol in oil in four subcutaneous injections (on the morning and evening 0! 
two consecutive days); group 2 received 10 pg. of D.B.E. in 0.1 c.c. oil by stomach 
tube as a single dose on the morning of the first day; group 3 received 0.1 pg. 0! 

estradiol in four doses together with the substance to be tested, dissolved in oil anc 
also given in four doses; group 4 received 10 yg. D.B.E. by stomach tube and th: 
substance to be tested in the same way as in group 3; group 5 received the substanc: 
to be tested. When two or more substances were tested at the same time for anti 
oestrogenic activity, only one series of controls was used. Smears were made fron 
all animals on the evening of the day following the last injection and on the tw 
following days. 
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CHEMICAL SECTION 
(Analyses are by Drs. Weiler and Strauss, Oxford ; melting points are uncorrected.) 


The compounds tested were all ethylene derivatives of the general type (I), where 
e substituent was usually hydrogen, except in Nos. 5, 65, and 200; the other sub- 
tuents were phenyl-, p-alkoxyphenyl-, cyclohexyl-, thienyl-, p-dimethylaminophenyl-, 
d ethylthio- groups. 
R R’ R R’ 
N\c=cZ \cH_ cH 
ee aol CHCOH 
(I) (Il) 

ihey were prepared by dehydration of the carbinols (II), obtained by the action of 
. Grignard compound on the appropriate ketone or ester. The intermediate carbinols 
were not always isolated in a pure state ; they were dehydrated by heating with anhydrous 
formic acid or, more usually, by distillation in vacuo with a few drops of 20% sulphuric 
acid. The solid ethylenes were crystallized from methanol or ethanol. 

Table I gives a list of the compounds tested with their serial numbers, melting or 
boiling points, and analyses. Notes are appended on their preparation. 





TABLE |! 

No. Ethylene derivatives* BF: C. M.p.°C. Formula Hi | penned 
! 1-cycloHexyl-1 : 2-diphenyl- 137—138/0.3 mm. - Cackles 91.3 8.6 91.6 8.4 
3 1: 1-diCyclohexyl-2-phenyl- 150-151/4 mm. 39 C.oHes | 89.0 10.5 | 89.5 10.5 
4 2-cycloHexyl-1 : 1-diphenyl- 134/0.25 mm. 50 cookies 91.4 8.7 91.6 8.4 
5 2-Bromo-2-cyclohexyl-1: 1- a= 112 C,,,H,,Br 70.4 6.2 70.4 6.2 

diphenyl- 
38 1 : 2-Diphenyl-1-(2’-thienyl)- 165-170/0.7 mm. 72 C,,H,,S 82.0 5.3 | 82.4 5.3 

40 =. 2-Phenyl-1 : 1-di-(2’-thienyl)- 175—182/2 mm. 75 C,.H..S, 72.1 47 6 | 71.7 4.5 

49 2-Phenyl-1-(p-methoxyphenyl)- | 204/0.75 mm. 73.5 C,,H,,OS 78.0 $5 78.1 5.5 

1-(2’-thienyl)- | 
SO | 2-(p-Ethoxyphenyl)-1 : 1-di- 220-221/1.9 mm. 65 | C,,H,,OS, 68.85 5.0 69.2 5.1 
(2’-thienyl)- | 

54 1-Phenyl-24p-ethoxyphenyl)-1- | 200-210/0.1 mm. 87 | C,,H,,0S | 78.2 6.15 | 78.45 5.9 
(2’-thienyl)- 

55 | 14p-Methoxyphenyl)-24(p- 242/2 mm. | 105 CuHwO:S | 74.6 6.3 75.0 5.95 
ethoxyphenyl)-1-(2’-thienyl)- S, 9.6 | , 9.5 

65 1 : 2-Diethyl-2-phenyl- 154/10 mm. 79.35 7.6 | 79.35 7.4 
1-(2’-thienyl)- | 136/1 mm. _ C,,H:,.S S, 12.8 | S, 13.2 

69 2-Phenyl-1 : 1-di-(p-dimethyl- -- 132 — — tas 

aminopheny])- 

200) 2-Bromo-2-phenyl-1 : |-di- -- | 74 C,,H:2,S,Br 63.7 5.0 63.3 5.3 


(p-ethylthiophenyl)- 
* The names of new compounds are printed in italic type. 


Votes on the preparations 


No. 1. From deoxybenzoin and cyclohexylmagnesium chloride. Unchanged deoxy- 
-nzoin removed with Girard reagent T. 

No. 3. From dicyclohexyl ketone (Breslow, Walker, Yost, and Hauser, 1945) and 
*nzylmagnesium chloride. 

No. 4. From ethyl cyclohexylacetate and phenylmagnesium bromide. Benzophenone 
1d cyclohexylmethylmagnesium bromide (Hiers and Adams, 1926) gave benzhydrol 

the main product. 

No. 5. By bromination of No. 4 in boiling acetic acid. 

No. 38. From 2-phenylacetylthiophen (“ Organic Syntheses,” Coll. Vol. II, 520) 

| phenylmagnesium bromide. Buu-Hoi and Hiong-Ki-Wei (1945) give m.p. 68° C. 

the product from 2-benzoylthiophen and benzylmagnesium chloride. 

No. 40. From 2-phenylacetylthiophen and 2-thienylmagnesium iodide. The inter- 

diate 2-phenyl-1 : 1-di-(2’-thienyl)ethane-1-ol crystallized from light petroleum (b.p. 
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60-80° C.) in short prisms, m.p. 78° C, (Found: C, 67.1; H, 5.3. C,,H,,OS, require 
C, 67.1; H, 4.9%). 

No. 49. From 2-phenylacetylthiophen and p-methoxyphenylmagnesium bromide, 
from 2-p-methoxybenzoylthiophen and benzylmagnesium chloride. The intermediat 
2-phenyl-1-(p-methoxy phenyl)-\-(2’-thienyl)ethan-1-ol had m.p. 74° C. (Found: C, 73.3 
H, 5.8. C,,H,,O,S requires C, 73.6; H, 5.8%). 2-p-Methoxybenzoylthiophen, needl< 
from methanol, m.p. 73° C. (Found: C, 65.8; H, 4.7. C,,H,,O.,S requires C, 66.05 
H, 4.6%) was prepared from p-methoxybenzoyl chloride and thiophen by the Friede 
Crafts reaction. 

No. 50. From ethyl p-ethoxyphenyl acetate and 2-thienylmagnesium iodide. 

No. 54. From 2-p-ethoxyphenylacetylthiophen and phenylmagnesium bromide. The 
intermediate 1-phenyl-2-{p-ethoxyphenyl)-1-(2’-thienyl)ethan-\-ol crystallized in needles 
from light petroleum, m.p. 83° C. (Found: C, 74.2; H, 6.5. C,,H,,O,S requires C, 
74.1; H, 6.2%). 2-p-Ethoxyphenylacetylthiophen, colourless prisms from methanol, 
m.p. 85° C. (Found: C, 68.25; H, 5.8. C,,H,,O,S requires C, 68.3; H, 5.7%) was 
prepared from p-ethoxyphenylacetyl chloride, b.p. 106° C./0.5 mm., and thiophen by 
the Friedel-Crafts reaction in carbon disulphide using aluminium chloride. 

No. 55. From 2-p-ethoxyphenylacetylthiophen and p-methoxyphenylmagnesium 


bromide. 
No. 65. From 2-a-phenyl-n-butyrylthiophen and ethylmagnesium bromide (cf 


Buu-Hoi and Hiong-Ki-Wei, 1945). 

No. 200. By brominating in glacial acetic acid 2-phenyl-1: 1-di-(p-ethylthiopheny!)- 
ethan-\-ol, needles from aqueous ethanol, m.p. 98° C. (Found: C, 73.0; H, 6.4. 
C,,H,,OS, requires C, 73.1; H, 6.6%), prepared from p: p’-diethylthiobenzophenone 
and benzylmagnesium chloride. p: p’-Diethylthiobenzophenone, m.p. 118° (Found: C, 
67.1; H, 6.2. C,,H,,OS, requires C, 67.5; H, 6.0%) was obtained in 15-16% yield 
from ethylthiophenol and oxalyl chloride after the method of Schénberg (1924). 


RESULTS 


All substances tested for possible anti-oestrogenic activity proved to have no 
such effect. Three of the substances (Nos. 4, 5, and 65) had some oestrogenic 
activity. With a dose of 20 mg. the oestrogenic effect of No. 5 decreased to half 
in 15 days, when measured by the method of Robson (1938); 1 mg. produced corni- 
fication in all mice, but the effect was of short duration. Substance 65, in a dose 
of 20 mg., produced a definite oestrogenic effect, though none of the mice receiving 
that dose were fully cornified. With 50 mg. all mice were fully cornified and the 
duration to half action was 21 days. Compound 4 produced full cornification of 
short duration in two out of five mice. No. 54 was not tested for anti-oestrogenic 
activity, since its structure is very similar to other substances which were tested and 
found to have no such effect. 


DISCUSSION 


The pharmacological results show quite clearly that none of the substances tested 
inhibits the action of D.B.E. and oestradiol on the vagina. Exactly the same method 
has been used previously to demonstrate the inhibition of the action of oestron 
and oestradiol by progesterone and testosterone (Robson, 1938), and hence it ca’ 
at least be said that the method is capable of demonstrating such an inhibitory effec 
A different type of inhibition of the action of oestrogen has been demonstrated b 
Hertz (1948), using a folic acid antagonist. This question requires further investig: 
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1, but it seems likely that the folic acid antagonist does not directly inhibit the 
ion of the oestrogen, but inhibits the taking up of folic acid in some process 
essary for the growth of the tissue stimulated by the oestrogen. 

The oestrogenic activity of certain of the compounds tested shows points of 
erest. The first approach to the production of the anti-oestrogen was by the 
bstitution of cyclohexyl for phenyl rings in the triphenylethylene molecule. It was 
ind that such substitution markedly decreased or abolished the activity. Slight 
tivity was found only when two phenyl rings were present in the compound and 

both were attached to the same carbon atom (No. 4). 


ae, 
é_Seu- «. ni aa cu-<_ 


No. 1. Inactive b= mg.) No. 2. Inactive (20 mg.) 


c=CH—< 


va \ 
hoon 
No. 4. Active (20 mg.). 


It is also of interest that the presence of a halogen increased the activity of this 
substance in the same way as the activity of triphenylethylene is increased by the 
introduction of a halogen. 

The preparation of compounds containing the thiophen group was prompted 
by the publication of the paper of Buu-Hoi and Hiong-Ki-Wei (1945), in which 
thiophen derivatives of stilbene are described. The introduction of one or two 
thiophen groups abolishes oestrogenic activity, with one exception. This is No. 65 
which has a superficial resemblance to stilboestrol and has a slight oestrogenic 

ivity. 

C,H; 


C,H, 
i l ae 
OH? YS—C Ce 
a | . 
C.H; C.H, 
Stilboestrol. No. 65 


In a comparable investigation on some 1-cyclopentyl- and 1-cyclohexyl-1 : 2- 
irylethylenes, Hey and Musgrave (1949) have reported likewise that none of the 
nylenes tested showed any significant oestrogenic or anti-oestrogenic activity. 

It became of interest to investigate the influence of dimethylamino groups as 
ostituents, and for this purpose 2-phenyl-1 : 1-di-(p-dimethylaminopheny])ethylene 
). 69), prepared as described by Kehlstadt (1944), was tested, but here again no 
trogenic activity was shown. 

To determine the effect of replacement of oxygen by sulphur, the sulphur analogue 
D.B.E., viz., 2-bromo-2-phenyl-1 : 1-di(p-ethylthiophenyl)ethylene (No. 200), was 
npared directly with D.B.E. for oestrogenic activity and was found to be inactive 
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at a dose of 100 yg. administered orally, whereas D.B.E. showed marked activi 
at this dose. It was also found to be inactive as an anti-oestrogen. For this test, o1 


thanks are due to Miss Audrey Hudson. 


SUMMARY 


The sex-hormone activity of some analogues of triphenylethylene, containing 
p-alkoxyphenyl-, cyclohexyl-, thienyl-, p-dimethylamino-, and p-ethylthio- groups, 
has been examined. In all compounds, the replacements markedly decreased or 
abolished oestrogenic activity and, where tested, this was not accompanied by the 
emergence of any anti-oestrogenic activity. 


We would express our indebtedness to Professor D. H. Hey, who initiated the 
chemical work of this communication, and to the Medical Research Council for a 
grant (to J. M. R.) from which the expenses of this investigation have, in part. 
been defrayed. 
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AN AUTOMATIC ASSAY APPARATUS 


BY 
E. I. GODFREY, G. A. MOGEY, anp D. L. TAYLOR 


From the Wellcome Research Laboratories, Beckenham, Kent 
(Received March 9, 1950) 


The biological assay of all new samples of d-tubocurarine salts for clinical use 
is now obligatory (T.S.A., 1948). The most accurate method for this purpose so 
far described is that by Mogey, Trevan, and Young (1949). Briefly, it depends 
upon the comparison of two doses (high and low) of the test sample with similar 
doses of the standard d-tubocurarine. The four doses are allotted at random to 
the elements of a 4 x 4 Latin square. A rat-diaphragm preparation is exposed to the 
action of each of the sixteen doses, in an order determined by the square, for 
precisely five minutes. Washes out are so arranged that three washes plus recovery 
time occupy a similar time interval to the action of the drug so that ten minutes 
elapse between the beginning of the action of one dose and the next. 

The assay therefore entails emptying and filling the isolated organ bath nearly 
100 times at precisely determined intervals. Accuracy demands that the bath be 
filled to the same mark on each occasion and that the correct dose of drug be 
measured accurately each time it is added. The whole test occupies nearly three 
hours and becomes rather monotonous when frequently repeated. 

To obviate the tedium and increase the accuracy of such routine testing we have 
designed the automatic apparatus described below. 


APPARATUS AND METHOD 
A rat diaphragm-phrenic nerve preparation is set up in the usual way and a few 
stabilizing doses of d-tubocurarine added. These preliminary doses are necessary 
hecause the sensitivity of the preparation increases greatly for the first three or four 
doses and after this the sensitivity usually goes on increasing gradually and linearly 
for the remainder of the test as shown in Fig. 1. In any case the sensitivity of individual 





Fic. 1.—Response of rat diaphragm to 
successive equal doses of d-tubocurarine 
chloride (mean of several experiments). 
Concentration of tubocurarine chloride 

t 2 “3 4 5 6 was 2x 10-°. 


DOSE SEQUENCE 
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rat diaphragms, although fairly constant, varies slightly and it is necessary to determi: 
suitable doses of d-tubocurarine for each preparation. The preliminary stabilizir 
doses also serve to determine the concentrations of drug required for the main assa 

Suitable concentrations having been established, about a litre of each is made . 
in Ringer-Locke solution and put into one of the drug containers shown in Fig. 


att 1a wee, 


p04 lt ol | 


— 


Fic.4 2.—Assay apparatus. (!) 
Power pack, housing trans- 
former and rectifier (2) 
Master controller containing 
timing motor and uniselec- 
tors. (3) Isolated organ bath 
assembly. (4) Reservoir bath. 
The four cylinders at the 
nearer end of the bath are 
for the drug solutions: each 
has its own outlet valve. The 
other four cylinders are for 
drug-free Ringer: these have 
a common outlet valve. 


Ringer-Locke containing no drug is kept in the other four cylinders. These eight 
containers are in a water bath thermostatically controlled at 40° C. and well stirred 
by an air bubbler. They were made from broken 2-litre and 1-litre graduated cylinders 
drawn out into a neck at one end. Four containers have been used for the Ringe! 
because it is difficult to obtain a cylindrical glass tube sufficiently large to contain 
enough Ringer for a complete test; broken 2-litre cylinders are suitable as regards 
size and the heating arrangements are simplified. The required volumes of solution 
vary with the size of the isolated organ bath being used. The flow of the solution 
from these reservoirs is controlled by a series of valves, one for each concentratio: 
of drug and one for the drug-free Ringer. The sequence in wh’ch the valves operat 
and the times of their opening and closing are all controlled by a mechanism describe 
later. 

Each valve was cut from a 3+ in. length of “ perspex” cylindrical rod of 1 1! 
diameter (Fig. 3). A cylindrical hole was bored along the centre of the rod, the to 
two thirds being of greater diameter than the lower third: the junction between the 
two portions must be carefully made, for it must form a true seat for the valve-plu 
A small stopper is arranged to occlude the lumen at the constriction. Attached | 
the stopper is a stainless steel rod around which is a movable stainless steel sleev 
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: the top and bottom of the rod are flanges past which the sleeve cannot go. The 
: eve is of pearlitic type steel ; the rod may or may not be magnetic. It is important 
choose non-copper-containing steel and yet to have high resistance to corrosion. 
1e Outer surface of the sleeve is not quite circular in cross section so that there is 
ace to allow the flow of fluid past it. Rates of flow may vary slightly according 
the hydrostatic pressure. We have not found it necessary to compensate for this 
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th. Fic. 3.—Magnetic valve. A. Gin ZY 
he Rubber stopper mounted on Yy Y 
re central rod having flanges at 4a G - 
ch top and bottom. A loose tj Yy 
he sleeve moves on this central Yi Wi = 
or rod. B. Cross section of Z y 
ve sleeve. C. Plug in position A y 
| in perspex valve. D. Position Y 4 
of solenoid. 8B A YG ( D 
. AY 
| A g 
y ve 
A 
ht 
ed E nce the actual volume of solution reaching the organ bath is of little importance, 
TS rovided the preparation is bathed in it, as the concentration of the active drug is 
el : ot affected. When the diaphragm is suspended fairly low in the bath great latitude 
in the rate of the flow of the solut'ons is permissible. 
ds The outer surface of the “ perspex” rod is shaped so that there is a shoulder on 


oa 


just above the level of the internal constriction. This ledge supports a solenoid 
n bund from 36 SWG enamelled copper wire and of 180 © resistance, with the upper 
YI ) d of the “ perspex” valve occupying the core of the coil. When the solenoid is 
ft tivated the loose stainless steel sleeve is pulled upwards without having to unseat 
e e stopper as it begins its movement. When it impinges against the upper flange it 
s sufficient momentum to lift the stopper, which is held up until the solenoid is 
I -activated. The solutions flow past the valve and are conducted via glass tubing 
9 the organ bath situated directly below. A screw clip on a rubber connexion here 
| E iy be used to control rates of flow, but again we have had no trouble since the 
tlet from the glass conducting tube was fixed at a suitable size. 
t The organ bath is of the usual type except that it has a reception chamber built 
to it (Fig. 4). It is into this cup that the solutions pour from the valves so that 
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the organ bath proper is filled gently from below 

eT This prevents any injury to the preparation an 

| also serves to mix cold solution from the con 

nexion tubes with warm solution from the rese: 

voirs before contact is made with the diaphragn 

The organ bath is fixed in a small thermostaticall: 

controlled water bath and its outlet is controlle 
by a valve of the type described above. 

The mechanism which controls the operation o 
the valves is an extension of the principle alread, 
described by Schild (1946) and Stephenson (1949 
A standard Post Office uniselector is used. The 
terminals are connected to the solenoids described 
above so as to produce the sequence of events 
shown in Table I. This cycle of events is then 
repeated sixteen times, the drug solution varying 
each time according to the Latin square chosen 
for the wiring system (see Table II). 

The timing arrangements for any one cycle are 
controlled by a mains driven “synclock ” motor. 
geared down on to a brass disc of the type illus- 
trated in Fig. 5. The disc, revolving at the rate of one turn in ten minutes, operates 
a relay spring-set switch of the make-before-break type, as illustrated in Fig. 6, so 
that current flows only while both contacts are made—i.e., for a period of about half 
a second while the wheel descends into and ascends from the grooves cut in the 
circumference of the disc. The impulse thus set up is transmitted to the driving magnet 
of the uniselector. (We used two uniselectors, with the smaller of which, of 80 & 








Fic. 4.—Isolated organ bath. 


TABLE I 
SEQUENCE OF EVENTS, DURING ONE TURN OF TIMING DISC, RELATED TO UNISELECTOR TERMINALS 





Terminal on Event Duration of event 
uniselector 


min. sec. 
Starting position 

Drug in - ei 
Stimulator on (drug action) 
Drug out (wash) ; 
Blank* ; 

Ringer in .. my ae 
Stimulator on (recovery) .. 
Ringer out (wash) aS 
Blank* , 

Ringer in .. as 3 
Stimulator on (recovery) .. 
Ringer out (wash) ea 
Blank* 


17 

0 
I] 

l 
17 
46 
II 

I 
17 
46 
I] 


5 


~ 


OOrnIAUNRWN— 


ooroocorcoouwo 


S | 


Total duration of cycle 





10 min. = | revolution of timing disc (Fig. 5). 1 revolution of disc = 1 complete cycle of 
events (above). 16 cycles (as above but | is not repeated) = | complete assay. The drug 
solution varies with each cycle—see Table II. 


* These blanks are not necessary: they were inserted to ensure seating of the drain valve before the filling valve opene 
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FiG. 6.—Make-before-break spring-set 


switch. A short impulse is trans 
mitted to the uniselector each time 
the switch wheel falls into or rises 
out of a notch in the circumference 
of the revolving timing disc (Fig. 5). 


DRuG 
ACTION 


FIG. 


5.—Timing disc. Re- 
volves anticlockwise once 
in 10 min. and operates 
switch (Fig. 6) which 
controls uniselector. The 
arrow indicates position 
of switch when disc is at 
Starting position. The 
stimulus is applied to the 
phrenic nerve only during 
the drug action and the 
two recovery periods. 
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TABLE Il 


CORRELATION BETWEEN UNISELECTOR TERMINALS, DRUG SOLUTIONS SUPPLIED TO PREPARATION, 
AND CYCLE ORDER 





No. of cycle in assay 123 4} $67 8; 9 10 11 12 13 14 15 1 





Drug supplied to preparation | A BCD\/CADB,/ DC BA B D.-A ¢ 


‘Uniselector terminal No. .. | 2 14 26 38 | 51 63 75 87 | 100 112 124 136 | 149 161 173 18 


| | 


A, B, C, and D are allotted randomly to high and low concentrations of the test and standard 
materials. 








resistance, we found that the current flowing was sufficient to burn the spring set contacts 
and make the uniselector respond repetitively so we interposed a relay operating a 
micro-switch between the spring set and the uniselector.) 


Two uniselectors, one with eight and one with four banks each of twenty-five 
terminals, were used to obtain a large number of points. In Fig. 7 the terminals are 
shown at the top arranged in banks. The banks are placed in order of functioning, 
but are numbered above in Roman numerals according to their actual position in 
the uniselector. The index 8 refers to the larger 8-bank uniselector and index 4 to 
the smaller 4-bank switch. The sequence in which the active terminals are contacted 
by “ wipers ” (W) is shown by the small Arabic numerals on the first and last terminals 
of the banks and where changes from one bank to another occur. The peculiar route 
from terminal 49 (penultimate terminal of bank V*) to 50 (penultimate terminal of 
bank VI*) to 52 (top of II*) and at other places in the sequence is explained as follows. 
Each bank has twenty-five terminals equally spaced along the circumference of a 
semicircle: the banks are arranged side by side and so lie on half the surface of a 
cylinder. The wipers, one for each bank, revolve around an axle which lies at the 
centre of the cylinder and are arranged in two groups in each selector. These two 
groups of wipers are diametrically opposite each other and each group moves one 
step forward when the uniselector magnet works. Wipers I*, II*, III*, and IV* form 
group | and V*, VI*, VII*, and VIII* form group 2. While group | wipers are sweeping 
round the corresponding banks of terminals group 2 wipers are moving freely in air. 
When group | wipers have completed their sweep and move off their last terminals 
group 2 move on to their first terminals. At the beginning of a test, during the first 
double sweep of the wipers, only banks I* and V* of terminals are alive. When wiper 
V* reaches terminal 49 relay RI operates and so cuts out banks I* and V* and switches 
in II* and VI*. Now when wiper V* is on the penultimate terminal of bank V* wiper 
VI* is on the corresponding terminal of bank VI*. This means that when relay R! 
operates activity is transferred from the penultimate terminal of bank V* (terminal 49) 
to the penultimate terminal of bank VI* (terminal 50). Then when group 2 wipers 
move on two steps group 1 wipers commence their second circuit. This time bank 
II* is alive, i.e., terminal 52 of the assay programme in the first of bank II*. Similarly 
when wiper VI* reaches terminal 98 relay R2 operates, cuts out banks II* and VI 
and activates banks III* and VII*. So terminal 99 is on bank VII* at a position 
equivalent to terminal 98 on VI*. Terminal 102 is the last of VII* and 103 is the 
first of III*. When wiper VII* reaches terminal 147 relay R4 transfers activity from 
the driving magnet of the large to that of the small uniselector and relay R3 activate: 
banks I* and III*. The other details of the circuit are clear in the diagram. For th« 
sake of simplicity, resistances, values of components, etc., are omitted. 
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A full wave rectifier and step down transformer are incorporated between the A.C. 
ins and the uniselector circuit so that the selector has a 75 volt D.C. supply. 

Although the Latin square picked out each time by the uniselector is fixed, the 
juence of valve operation may be altered at will because the connexions between 
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G. 7.—Simplified wiring diagram. _ I®, II®, I*, etc., banks of uniselector terminals : the indices 8 
and 4 refer respectively to the 8-bank and 4-bank uniselectors. WwW. ** wiper ’’ which sweeps 
over the terminals ; one for each bank. 99, uniselector terminals ; small Arabic numerals 
indicate the operative sequence (for details see text); those terminals which supply the drug 
solutions to the diaphragm are indicated by one of the letters A, B, C, or D. See Table I for 
sequence of events between drugs. M‘*, M‘, magnets operating uniselectors. T.D., timing disc 
(Fig. 5). S.M., “* synclock’’ motor driving T.D. S.S., make-before-break switch (Fig. 6) 
operated by T.D. LI, lamp indicating that uniselectors are at starting position. L2, lamp 
indicating that assay is complete. L3, lamp indicating that T.D. is at starting position (L3 is not 
connected up because circuit for resetting T.D. has been omitted from diagram). R1, relay 
switching from I® and V® to II® and VI®. R2, relay switching from II* and V1® to III* and VII®. 
R3, relay switching from III® and VII® to I* and III*. R4, relay switching from M® to M‘. 
RS, relay controlling start. R6, relay operating L2. R7, relay controlling impulse to M® or 
M*. R8, relay operating L1. R49, relay controlling stimulation. ST., stimulus from stimulator 
and to preparation. P, push buttons. The holding contacts to the right of Rl, R2, R3, and 
R4 must make before the other contacts change. 
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the uniselector and the solenoids are made via a set of “ banana” plugs which ma) 
be arranged in any desired order ; so any desired sequence of doses can be obtained 
Provision is also made for operating each valve manually by the insertion of a serie 
of push buttons which by-pass the uniselector and activate the solenoids directly. 

To begin a test the uniselector and timing disc must be in unison. For this purpos 
a resetting device, operated by a push button, is incorporated into the uniselector | 
return it to the starting position. Two complete banks of terminals on each uniselecto 
are used for this purpose (IV*, VIII*, II* and IV*) and when starting position (terminal | 
is reached an indicator lamp is lit. A separate circuit is also included to return the 
timing disc to its starting point. This is so arranged that while the disc is being reset 
no other part of the circuit functions and the driving motor switches itself off and 
lights an indicator lamp when it reaches the correct starting position. This circuit 
is not included in Fig. 7. 

At the end of a complete test an indicator lamp is lit and the machine switches 
itself off. 


DISCUSSION 


Although the apparatus is described for a rigid form of assay it is quite flexible. 
The principle could be applied to almost any routine pharmacological assay on 
isolated organs. The method of altering the sequence of events by using the banana 
plugs has already been described: in addition, variations in the order of doses of 
drugs can be obtained by altering the reservoir into which any drug is placed. The 
timing of events is also easily changed by substituting other timing discs to suit 
particular needs. 

The principles involved are well known, but the valve is new and may have 
many uses in a pharmacological laboratory. 

One great advantage is that all the apparatus is easily and cheaply obtainable. 
Most of the electrical equipment used by us was obtained from second-hand stores. 


SUMMARY 


A previously described principle using P.O. uniselectors is employed to operate 
new-type valves supplying and draining solutions to and from an isolated organ 
bath. 

The method has been applied to the biological assay of d-tubocurarine, but is 
flexible enough to have a very much wider use. The resulting assay is completely 
automatic. 


We should like to thank Mr. B. Attwood for his help with the construction of this 
apparatus. 
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THE INHIBITORY EFFECT OF STILBOESTROL 
ON GASTRIC SECRETION IN CATS 


BY 
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(Received March 20, 1950) 


It was observed by Nakai (1925), Artz (1926), and Mason (1931), that during 
pregnancy there is a definite diminution and even an absence of free hydrochloric 
acid in the gastric juice. According to Artz (1930) 29 out of 50 pregnant women 
lack free hydrochloric acid during the first trimester. Strauss and Castle (1932) 
while making observations on anaemia of pregnancy noted that 75 per cent of 
pregnant women did not secrete normal amounts of free hydrochloric acid or pepsin 
during more than half of the period of pregnancy. Way (1945) made similar obser- 
vations and concluded that the secretion is low during pregnancy, rising in the last 
weeks and rising sharply after delivery. Strauss and Castle (1932) also showed that 
the gastric response to histamine was greatly diminished during pregnancy. 

It is known that oestrogenic activity is increased during pregnancy and blood 
oestrogen concentration is raised. The possibility that this increase in the concentra- 
tion of oestrogen in the blood may be directly related to, or even the cause of, the 
depression of gastric secretion during pregnancy made it worth while to study the 
action of oestrogens on gastric secretion experimentally. A previous attempt to 
demonstrate such an action was made by Atkinson and Ivy (1938) on two dogs 
with Pavlov pouches, using intramuscular injections of 2,000 units theelin daily. 
They found no effect on the secretion of gastric juice or acidity, but as pointed out 
by Culmer, Atkinson, and Ivy (1939) the doses of theelin used were low compared 
vith the amounts of oestrogens produced during pregnancy. 


METHODS 


The cats were anaesthetized with pentobarbitone sodium. Gastric juice in response 
io histamine was collected by means of a cannula according to the method described 
y Roth and Ivy (1944). The oesophagus was tied in the neck and the duodenum 
vas also ligated about three quarters of an inch beyond the pylorus proximal to the 
ntry of the bile duct. The cannula was passed into the stomach through an incision 
1 the duodenum. A solution of histamine acid phosphate was infused intravenously 
) that the animal received 15 yg. of histamine base in 0.5 ml. saline per minute. 

Observations were made on normal male and female cats and on cats treated with 
‘ilboestrol dipropionate (later referred to as stilboestrol) in oil, 0.1 to 0.25 mg. being 
‘ven intramuscularly to each cat every day for a period of 6-15 days. 


* Government of India scholar. 





390 K. N. OJHA and D. R. WOOD 


Secretion was collected at ten minute intervals for periods up to three hours, by 
which time a steady secretion rate had been reached. Free and total acidity were 
determined by titration of juice with 0.0SN-NaOH, thymol blue being used as indicator 
The secretory responses of the normal and treated groups of cats were comparec 
in terms of the steady rates of secretion of juice and of the concentration of fre 
hydrochloric acid during that period. 

With the doses of stilbo-strol used, the animals’ appetites usually were good unti! 
the last few days on the larger doses. Except in males given 0.1 mg. daily, there wa 
evidence of oestrogenic effects such as enlargement of the mammary glands in bot! 
sexes and uterine hyrertrophy in the females. 


RESULTS 
Sex difference in response of normal cats—The average responses of groups of 


male and female cats to the same rate of histamine infusion are shown in Table | 


TABLE I 
SEX DIFFERENCE IN MEAN GASTRIC SECRETORY RESPONSE TO 15 ywG. HISTAMINE PER MIN. IN CATS 
Number of animals in parentheses 





Males Females 





Volume of juice secreted in 10 min. (ml.)_ .. 3.24+0.31 | 1.74 0.22 
(13) | (13) 


Average concentration of free HCl(mmM.) .. 125+6.5 105+ 5.5 
(10) (11) 


Average rate of secretion of free HCl (mm./10 377 +38 196+-26.5 
min.) | (10) (11) 
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Fic. 1.—Graph showing sex differ- 
ence in the average secretion 
of gastric juice in normal cats in 
response to continuous histamine 
infusion given intravenously at 
the rate of 15 wg. per min 
starting at 0. Abscissa, time in 
min. ; ordinate, ml. juice secreted 
in 10 min. 
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and Fig. 1. It can be seen that there is a significant difference between the response 
of the two sexes. The average secretion rate of juice in female cats was abou 
55 per cent of that in males and the difference is statistically highly significan 
(P<0.001). 
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TABLE II 


EFFECT OF STILBOESTROL TREATMENT ON GASTRIC SECRETORY RESPONSE OF CATS TO 15 wG. 
HISTAMINE PER MIN. I.V.I. 


Number of animals in parentheses 





Average volume of juice (ml.) P 
secreted in 10 min. Between 
—__________________| normals and 
Males | Females treated 





Normal .. 


3.24+0.31 (13) | 1.74+0.22 (13) 





Stilboestrol 0.1 mg. daily 10-14 days.. 





Stilboestrol 0.2 mg. daily 9-14 days .. 





Stilboestrol 0.25 mg. daily 6-14 days. . 


2.46+0.09 (4) | 0.2 

| 0.9540.16 (6) | 0.02 <P 0.05 

(0.43) (1) | 0.774.0.16 (5) | 0.02<P<0.05 
0.45+0.10 (4) | <0.001 
0.49 +.0.07 (5) —0.01 





Stilboestrol and the secretion of juice-—Cats treated with stilboestrol were given 


either 0.1, 0.2, or 0.25 mg. daily for periods of from 6-15 days. 


The results are 


presented in Table II and Figs. 2 and 3. In male cats there was no significant reduc- 
tion in the rate of secretion of juice with the smallest dose of 0.1 mg. In one male 


4.0 

















Fic. 2.—Effect of stilboestrol treat- 
ment. Average secretion of gastric 
juice in male cats, given 15 yg. 
histamine per min. intravenously 
from 0. (A) 13 normal cats. 
(B) 4 cats given 0.1 mg. stilboestrol 
daily for 6-15 days. (C) 4 cats 
given 0.25 mg. stilboestrol daily 

Cc for 6-15 days. 
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3.—Effect of stilboestrol treat- 2'°T 
ment. Average secretion of Zz 
gastric juice in female cats. (A) e 1.0-- 
13 normal cats. (B) 6 cats given = 
0.1 mg. stilboestrol daily for 10- 951 
14 days. (C) 5 cats given 0.2 3 
mg. stilboestrol daily for 9-14 P 


days. (D) 5 cats given 0.25 mg. 
stilboestrol daily for 6-10 days. 
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given 0.2 mg. daily, the secretory response was lower than normal, while the dos 
of 0.25 mg. caused a very significant fall. In female cats, even the smallest dos 
of 0.1 mg. caused a very significant reduction in the secretion of juice and the effec 
was greater with the bigger doses. 


Stilboestrol and secretion of acid.—In cats treated with stilboestrol, in additio: 
to a reduction in the rate of secretion of gastric juice, there was a fall in the con- 
centration of free hydrochloric acid in the juice and thus an even more pronounce: 
fall in the rate of secretion of the acid (Table III). In females receiving 0.1 mg. 


TABLE III 


EFFECT OF STILBOESTROL ON AVERAGE CONCENTRATION AND AVERAGE RATE OF SECRETION OF 
FREE HYDROCHLORIC ACID IN GASTRIC JUICE OF CATS GIVEN 15 #@G. HISTAMINE PER MINUTE 
INTRAVENOUSLY 


Number of animals in parentheses 





Males Females 


, Average rate = Averate rate 
Average of enasetion Average of secretion 
concn. of of free HC! concn. of of free HCI 
free HCI mM_ per free HCI mM. per 


me. 10 min. =. 10 min. 





Normal << as) one ee 377 +38 sam 105. 5.5 pi 
10) 





(10) (11) ( 

Stilboestrol 0.1 mg. 92.5+22 < 9.10 227 +53 < 0.05 47+15.5 | <0.001 t 0.01 
daily (4) (4) (6) (6) 

Stilboestrol 0.2 mg. — _— — — 54 + 27.5 < 0.05 = - 0.02 
daily (5) 7 

Stilboestrol 0.25 mg.  14.5+16.5 <0.001 10 +10 < 0.001 15.5+9.5 < 0.001 +6.5 - 0.001 
daily (4) (4) (5) 5 





stilboestrol daily, the average concentration of free hydrochloric acid was 
47 + 15.5 mM., compared with 105 + 5.5 mM. in normal females. The rate of 
acid secretion in the treated females was only 53 millimol. in 10 minutes compared 
with 227 in normal females. The apparent fall in acid concentration with this 
small dose in males is not significant (P<0.10), but the average rate of secretion 
of hydrochloric acid, 227 millimol. in 10 minutes, is significantly less than in normals 
(377 millimol. in 10 minutes, P<0.05). 


Duration of treatment——The average figures in Table II were obtained from 
cats receiving stilboestrol for 6-15 days. The detailed figures in our protocols, 
which do not appear in the Table, show that there is a tendency for the efiect 
of stilboestrol to be more pronounced as the duration of treatment increases. 

Single intravenous injections of oestrone (Menformon or Theelin) or of stilboestrol 
in anaesthetized untreated cats do not alter the rate of secretion of gastric juice in 
response to histamine infusion. 

Similarly, two cats treated with the large dose of 4 mg. stilboestrol daily for 
2 and 4 days respectively did not show any significant fall in secretory rate compared 
with normal cats. 


DISCUSSION 


The striking sex difference in the gastric secretory response towards histami 
may well be due to the different gonadal secretions in the two sexes. The averax 
10 minute secretion being less in the females under identical conditions sugge 
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t,at female hormones depress the secretory functions of the gastric glands. Prob- 
.vly for the same reason, a small dose of stilboestrol is not effective in males, but 
causes depression of the secretion of juice in females. The fact that the 0.1 mg. 
dose of stilboestrol had no effect on gastric secretion in males and did not cause 
iny obvious mammary enlargement, while doses effective in reducing gastric secre- 
‘ion also had obvious oestrogenic effects, may indicate that the secretory depressant 
action parallels oestrogenic activity. Some preliminary experiments show that female 
cats have an exaggerated gastric secretory response to histamine when tested about 
four weeks-after bilateral ovariectomy. The drug is not effective in acute experiments, 
and the magnitude of the response in the chronic experiments appears to depend 
not only on the dose but also on the duration of treatment. 

Some possible explanations of the reduced secretory response after stilboestrol 
may be considered. The effects may result from changes in the gastric mucosa. 
Nasio (1946) observed that there was macroscopic hypertrophy of the gastric mucosa 
in dogs which he protected against experimental cinchophen ulcers with stilboestrol 
dipropionate administered for long periods. It was noticed that the stomachs of 
our treated cats, especially those receiving 0.2 or 0.25 mg. stilboestrol daily for 
10 days or more and whose rate of secretion of gastric juice was much reduced, 
showed mucosal thickening and loss of rugae. Histological examination of these 
stomachs did not show any consistent changes compared with stomachs from 
untreated cats whose response to histamine infusion had been tested. In particular, 
there were no differences in the appearance or distribution of parietal cells. There 
was considerable variation in the amounts of epithelial and glandular tissue of the 
mucosa in both treated and untreated cats. 

In view of the recent work of Case and Dickens (1948) and of Quastel and 
Hochster (1949) which indicates an action of oestrogenic hormones, including 
stilboestrol, on cell enzyme systems, a direct action on the parietal cells seems a 
very probable explanation for the observed effects of stilboestrol on gastric secretion. 

It is possible that the effect may be exerted indirectly through other endocrine 
vlands, most probably the pituitary and the adrenal glands; we have as yet no 
experimental evidence about this. 

While studying the influence of endocrines on the synthesis of serum cholinesterase 

n rats, Sawyer and Everett (1946) observed that serum enzyme levels are increased 
1 conditions in which sustained high oestrogen levels are known, such as during 
ic last half of pregnancy or in a state of pseudo-pregnancy induced by injecting 
estrogen. Everett and Sawyer (1946) observed that castration of female rats resulted 
| an immediate rapid decline of the serum cholinesterase and that oestrogen adminis- 
ation to castrated rats of both sexes was followed by elevation of serum cholin- 
terase. As acetylcholine may play a part in the production of gastric juice (Babkin, 
944) a rise in cholinesterase activity was thought to be another possible factor in 
ic inhibition of gastric secretion in stilboestrol treated cats. Estimation of specific 
id non-specific cholinesterase during these experiments has shown that with the 
sages we have used in cats, there is no significant change in the plasma cholin- 
terase activity (Davies and Ojha, 1950). This finding does not exclude the further 
ssibility that there may be a change in cholinesterase activity in the gastric mucosal 
IIs. 





K. N. OJHA and D. R. WOOD 


SUMMARY 


1. There is a striking difference between the average gastric secretory response: 
of groups of male and female cats to continuous infusion of histamine durin; 
pentobarbitone anaesthesia. 

2. Daily intramuscular injection of stilboestro] for 6—15 days reduces significant 
the average secretory response to histamine ; males are less sensitive than female 
to the action of small doses. 

3. Larger daily doses of stilboestrol may inhibit almost completely the secretion 
of hydrochloric acid by the cat stomach, in response to histamine. 

4. Neither stilboestrol nor aqueous preparations of oestrone had any inhibitor, 
effect on the gastric secretory response to histamine when large single doses were 
injected intravenously in anaesthetized cats. 

5. Possible explanations of the effect are discussed. It is probably due to a 
direct action of stilboestrol on the parietal cell. 


We wish to thank Professor Wayne and also Dr. R. E. Davies for helpful discussion 
and criticism. An expenses grant to D. R. W. from the Medical Research Council 
met part of the expenses incurred in the investigation. 
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SPECIFIC AND NON-SPECIFIC SERUM CHOLIN- 
ESTERASE IN CATS BEFORE AND AFTER 
TREATMENT WITH STILBOESTROL 


BY 


R. E. DAVIES anp K. N. OJHA* 


From the Medical Research Council Unit for Research in Cell Metabolism, Department 
of Biochemistry and the Department of Pharmacology and Therapeutics, 
University of Sheffield 


(Received March 20, 1950) 


Ojha and Wood (1950) have shown that daily intramuscular injections of 
stilboestrol for 6-15 days can largely inhibit the secretion of hydrochloric acid by 
the cat stomach in response to histamine. Since Sawyer and Everett (1946) and 
Everett and Sawyer (1946) found changes in the serum cholinesterase of rats after 
the injection or removal of oestrogens it seemed of interest to find out whether 
similar changes were occurring in the cats treated with stilboestrol. A great increas> 
in the serum cholinesterase activity could conceivably lead to inhibition of hydro- 
chloric acid secretion by the stomach. Determinations of specific and non-specific 
serum cholinesterase activities have been made in nine cats treated with stilboestrol, 
and in three untreated cats, two of which had been ovariectomized. 


METHODS 


Estimation of enzyme activities —Before treatment with stilbo:strol approximately 
'(0 ml. blood was removed from the cats by cardiac puncture under ether anaesthesia. 
\fter treatment the blood was taken from the carotid artery under ether anaesthesia. 


Specific (true) and non-specific (pseudo) cholinesterase activities were measured in 
the serum from the rate of evolution of CO, at 40° C. in Warburg manometers by 
he method of Mendel and Rudney (1943) and Mendel, Mundell, and Rudney (1943). 
Juplicate runs were made with 1.0 ml. serum in a solution containing 0.025 M-NaHCO, 
nd 0.03 M-acetyl-8-methylcholine (total volume 6 ml.) to estimate the specific enzyme ; 
nd with 0.2 ml. serum in a solution containing 0.025 M-NaHCO, and 0.006 mM-benzoyl- 
holine (total volume 3 ml.) to estimate the non-specific enzyme. Both solutions were 


issed with 5% €O, + 95% N.. Duplicates always agreed within the error of the 
iethod (+ 5%). 


A sample of the serum was dried overnight at 110° C. and the enzyme activity 
culated as pl.CO,/mg. dry wt. serum/hr. 


Estimation of the secretory response——The method used was that described by Ojha 
id Wood (1950). 


*Government of India scholar. 
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RESULTS 


Cholinesterase activities in the serum before and after treatment with stilboestrol 
id in some untreated controls are shown in Table I. 

It is clear that although the gastric secretory response was reduced no significant 
ianges occurred in the serum-enzyme level during or after treatment. The activities 
vere similar to those found in two cats by Mendel, Mundell, and Rudney (1943), 
ut the results show the large variations within the species and also the large varia- 
ions in the same individual from time to time. There was also no consistency in 
he ratio of the specific to the non-specific enzyme activity. 


DISCUSSION 


The results show that the inhibition of gastric secretion which follows chronic 
treatment with stilboestrol in cats cannot be ascribed to changes in the levels of 
specific or non-specific serum cholinesterase activity. There appears to be a species 
difference between cats and rats because Sawyer and Everett (1946) found that the 
serum enzyme levels in rats were increased after the injection of oestrogens and 
reached a maximum in 5-7 days. This did not occur in these experiments on cats. 


SUMMARY 


|. Estimations have been made of specific and non-specific serum cholinesterase 
activities in cats before and after treatment for 9-14 days with 0.15 or 0.2 mg. 
stilboestrol daily by intramuscular injection or for 2 to 4 days with 4 mg. daily. 


2. There were large differences between cats and between the same cat at dif- 
ferent times both in the levels and in the ratio of the two enzyme activities. There 
were no significant changes after the treatment or after ovariectomy. 


3. The inhibition of gastric secretion which follows chronic treatment with 
stilboestrol is not due to changes in the activities of the serum cholinesterases. 
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THE CHEMOTHERAPEUTIC ACTION OF 
PHENANTHRIDINE COMPOUNDS 


PART IV 
ACTIVITY IN VITRO 


BY 
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From the Wellcome Laboratories of Tropical Medicine, 183, Euston Road, London, 
N.W.1 


(Received April 1, 1950) 


In Parts I, II, and III of this work results have been given of testing a large 
series of phenanthridine compounds against trypanosome infections in mice. The 
effect of a drug in an infected animal depends upon the rates of absorption, dis- 
tribution, metabolism, and excretion, and very little is seen of the way in which 
the drug acts ; some light should be thrown on this by in vitro studies. 

Fig. 1 shows the effects of dimidium bromide on infections in mice with four 
different species of trypanosome. Dimidium bromide differs from other trypanocidal 
drugs in that the number of trypanosomes in the peripheral blood remains high for 
a longer time after treatment, and may even increase before it begins to decline to 
zero. It is also of interest that, although a much larger dose of a phenanthridine 
compound is necessary to cure an animal infected with Trypanosoma rhodesiense 
than with T. congolense, the pattern of the clearance of the trypanosomes from the 
peripheral blood is very similar. Investigation of the blood levels of these drugs 
after injection has shown that by the time the maximum trypanocidal action is 
apparent it is difficult to detect any of the drug in the peripheral blood (Brownlee 
and Short). 

Consideration of these points gave rise to the following questions: 

1. Is the action of the phenanthridines a direct trypanocidal one ? 


2. Is the short exposure to the initial relatively high concentration of the drug 
sufficient to damage the trypanosomes so that after one or two generations the 
power of survival and multiplication is lost ? 


3. Is the drug concentrated within the trypanosomes when they are exposed to 
low concentrations, as has been shown for acriflavine and stilbamidine ? 


4. Is the drug activated by contact with the tissues of the animal ? 


In studies on T. cruzi also, it was of interest to know whether any direct effec 
by active compounds on the parasite and particularly on the dividing tissue form 
could be demonstrated. This organism differs from the other haemoflagellate 
studied, in that multiplication only takes place inside tissue cells, and not in th: 
peripheral blood. The following experiments were designed to throw light upo: 
these problems. 
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FiG. 1.—Showing slow rate of activity of effective doses of dimidium bromide (6C46) against four 
strains of trypanosomes in mice. Doses given subcutaneously; 7. congolense, 0.5 mg./kg.; 
T. rhodesiense, 10 mg./kg.; T. equiperdum, 25 mg./kg.; T. brucei, 10 mg./kg. Degree of 
infection assessed from number of trypanosomes seen per microscope field (< 400) in fresh 
films of peripheral blood: + = 1 in from 1 to 10 fields, ++ = 1 to 5 per field, +++ =5 
to 50 per field, +-+-+-+ = more than 50 per field. D = mouse dead. 


METHODS 


In vitro experiments with T. rhodesiense and T. cruzi (blood forms) 


T. rhodesiense.—This species was used for the experiments because of difficulties in 
getting satisfactory growth of T. congolense in vitro. We used a slight modification of 


the method of Yorke, Adams, and Murgatroyd (1929) for maintaining trypanosomes at 


37° C. for 24 hours in undiminished numbers. The medium consisted of equal parts of 
‘resh rabbit serum, sterilized by filtration, and Tyrode solution (NaCl, 0.8 ; KCl, 0.02 ; 
aCl,, 0.02; MgCl,, 0.02; NaH,PO,, 0.005; NaHCO,, 0.1; and glucose 0.4 g. per 
‘00 ml.). Dilutions of drugs were prepared aseptically in the Tyrode solution and dis- 
ributed in small screw-capped bottles in 0.5-ml. quantities. A suspension containing 
‘bout 2,000 trypanosomes per yl. in rabbit serum was prepared by centrifuging the 
itrated blood of an infected mouse. At the start of the test this suspension was kept 
n the bench at room temperature ; 0.5 ml. amounts were added to a series of tubes 
yntaining different drug dilutions; a sample was withdrawn from each well-mixed 
ispension for counting and the tubes placed in an incubator at 37° C. Further samples 
ere then withdrawn at intervals. At least three tubes were used for each concentration 
' drug. Mean counts were expressed as percentages of the initial count and the 
sults plotted against time. 
Considerable variation in the length of life of the controls was observed, but this 
uld not be traced to a definite cause. The same variation was found whether serum 
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from the same or different rabbits was used in successive experiments. Buffering wit! 
carbon dioxide, the pH being maintained between 6.2 and 7.8, and the use of heparir 
in place of citrate as an anticoagulant in the separation of the trypanosomes, did no! 
influence the results. 


T. cruzi—The method used was similar to the above, but the medium consisted o 
20 per cent (v/v) of rat serum and 10 per cent (v/v) of chick embryo extract in Tyrode’ 
solution. 


The effect of short exposure to drugs upon infectivity 


In vitro.—0.\-ml. amounts of suspensions of T. rhodesiense from in vitro experiment 
were centrifuged, the trypanosomes washed with drug-free medium, and inoculated into 
groups of three mice. Daily blood examinations were made for the presence o! 
trypanosomes. 


In vivo.—A mouse heavily infected with T. congolense was taken and the tail blood 
inoculated into normal mice. The original mouse was then given drug intravenousl) 
and further subinoculations made into fresh mice at intervals. 


The effect of relatively short exposure to drug on the survival of trypanosomes 
in vitro 
T. rhodesiense was suspended in various concentrations of drug for varying lengths of 
time in vitro. The trypanosomes were washed and re-suspended in drug-free medium. 
and the survival times observed. Controls were set up in drug-free medium in the 
same way. 


Activation of the drug 


In vitro.—A quantity of sterile rabbit serum was stored at 4° C.; from this small 
amounts were added to equal volumes of Ringer’s solution containing drug and placed in 
the incubator at 37° C., at various times during a week. On the last day a drop of 
suspension of trypanosomes was added to each tube and to one prepared from the 
serum without previous incubation with the drug. The tubes were kept at 37° C. and 
counts were made at intervals. 

In vivo.—Rabbits weighing about 2.5 kg. were injected intravenously with 20 mg. / kg. 
of drug, given very slowly. Blood was taken from a vein in the other ear at intervals, 
and trypanosomes added to the serum prepared from it. Counts were made, and samples 
injected at intervals into mice to test for infectivity. 


Absorption of drugs by trypanosomes 


Trypanosomes from heavily infected rats were suspended in rabbit serum in a con- 
centration of about one million trypanosomes per pl. Quantities of 0.5 ml. of suspen- 
sion were added to tubes containing 0.5 ml. of various concentrations of drugs in Tyrode's 
solution. The tubes were incubated at 37° C. for 30 minutes, the trypanosomes then 
centrifuged down, and the supernatant fluid taken for estimation of drug. The trypano- 
somes were examined for motility. Estimations of drug were made by the method 
described in Part III of this work (Goodwin, Goss, and Lock, 1950). 


The effects of drugs upon T. cruzi in tissue culture 


The method of maintaining T. cruzi in tissue culture was similar to that described b\ 
Hawking (1946), with a modification in the method of infection. Explants from th 
hearts of embryo rats were placed in a thick suspension of 7. cruzi in serum-Tyrode 
mixture. After 10 minutes the explants were removed and stuck on to coverslips 1! 
Carrel flasks with drops of fowl plasma. When the plasma had solidified, medium con 
sisting of 20 per cent rat serum and 10 per cent chick embryo extract in Tyrode solutio: 
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is added. The pH was adjusted to 7.4 by means of a carbon dioxide and air mixture. 
1enol red being used as an internal indicator. After 10 days at 37° C. considerable 
imbers of flagellated blood forms were present in and around the explants and many 
‘Ils contained intracellular forms. Drugs were added in various concentrations to the 
isks and allowed to remain there for 48 hours, after which the medium was replaced 
y drug-free medium. Explants were withdrawn every one or two days subsequently, 
ntil the flasks were exhausted. Examinations for moving trypanosomes were made 

directly, and for intracellular forms after fixing with Schaudinn’s solution and staining 
ith Giemsa. 


Drugs used in these experiments 


The drugs used in these experiments are listed in Table I, which includes the relative 
n vivo activities against T. rhodesiense recorded in Part I (Brownlee et al., 1950). 


RESULTS AND DISCUSSION 


The effects of various dilutions of dimidium bromide (6C46) on T. rhodesiense 
in vitro are shown in Fig. 2. Curves of a similar type were obtained with 129C46, 
150C46, and 1C46. Table II shows the dilutions of drugs required to kill 90 per cent 
of the trypanosomes in 24 and 48 hours, and also the minimum dilutions having no 
appreciable effect in 72 hours. 


TABLE I 


LIST OF DRUGS USED AND THEIR RELATIVE in vivo ACTIVITIES AGAINST 7. congolense AND 
T. rhodesiense INFECTIONS IN MICE 





Relative activity in vivo 
Ref. No. Drug | = 
| congolense T. rhodesiense 








50C47 2: 7-diamino-9-p-aminophenyl-10-methy!-phenan- 


thridinium chloride 1.5 4.0 
129C46*  7-amino-9-p-aminophenyl-10-methyl-phenanthridin- | 
ium bromide 0.3 0.15 
6C46t 2: 7-diamino-9-phenyl-10-methyl-phenanthridinium 
bromide 1.0 | 1.0 
1C46 7-carbethoxyamino-9: 10-dimethyl-phenanthridinium Practically 
bromide nil 0.01 
3C47 2-amino-9-p-carbethoxyaminophenyl]-10-methyl- 
phenanthridinium bromide 0.3 0.5 





* Phenidium bromide (‘897”’) + Dimidium bromide (** 1553”’) 


TABLE II 
DILUTIONS OF DRUG$ HAVING COMPARABLE TOXIC EFFECTS ON 7. rhodesiense in vitro 





eee ; aa in 
Dilution to kill %, 6 T. rhodesiense ibetten witens effet 





Drug - — - 

In 24 hours In 48 hours in 72 hrs. 
150C47 1/1,000,000 1/2,000,000 — 
129C46 1/750,000 | 1/1,500,000 1/4,000,000 

6C46 1/1,000,000 1/2,000,000 1/4,000,000 
1C46 1/250,000 1/500,000 1/1,000,000 
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The drugs exerted a direct lethal effect on the trypanosomes in vitro and with 
iose studied the orders of activity in vitro and in vivo for T. rhodesiense were the 
ime. However, Tables I and II show differences in the relative potencies of drugs 
ested in vitro and in vivo; thus, 1C46, which shows practically no activity in vivo, 


°% Survivors 


FiG. 2.—The effect of 
various dilutions 
of dimidium bro- 
mide (6C46) on 
the survival of 
T. rhodesiense in 











vitro at 37° C. 
12 24 36 48 


Hours 


has an in vitro activity only one quarter that of 150C47, the most active compound 
of this series. Determination of blood levels of these drugs (Brownlee and Short) 
indicates that varying rates of absorption and excretion are not sufficient to explain 
these differences. 

Brownlee and Short have also shown that after intravenous doses of these drugs, 
blood concentrations fall within three or four hours to very low levels, which then 
persist for at least 24 hours. When trypanosomes were exposed in vitro for half or 
me hour to dilutions of the drugs already shown by the experiments of Table II to 
ve effective in 24 hours, and were then washed free from drug and suspended in 
lrug-free medium, the organisms showed mortality curves similar to those obtained 
vhen the drug remained present. Examples of this are shown in Fig. 3. Further 
vidence of the rapid and persistent effect of 6C46 is shown in Fig. 4. The reduction 
f infectivity of T. congolense taken from an infected animal even half an hour after 
t had received a dose was well marked, although the trypanosomes remained active 

nd in undiminished numbers in the treated mouse for more than 24 hours. 


Table III shows the loss of infectivity of T. rhodesiense exposed in vitro to 
arious drugs ; here again the order of effectiveness is similar to that of the curative 
ction in vivo. It seems likely that even if an effective concentration in the blood 
; Maintained for only a short time, this is sufficient to harm the parasites in such 
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6¢46 Fic. 3.—Mortalit 
curves for 7 
rhodesiens 
suspended |; 
drug-fre 
medium afte 
exposure fi 
varying time 
to 129C46 
(1/2,000,000) 
and 6C46 
(1/500,000). 
Controls re 
ceived identi- 
cal treatment 
but no drug. 


*/, Survivors 
ui 
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Fic. 4.—The de- 
velopment of T. 
congolense in mice 
subinoculated from 
an infected animal 
which had been 
treated with 10 yg. 
6C46 intravenously. 
Subinoculations 
made 0.5, 1.5, and 
24 hr. after treat- 
ment. Degree of 
infection asin 

Fig. 1. 

















Degree of infection. 

















8 
Days after inoculation. 








a way that they eventually die. Prolonged exposure to very low concentration 
(Fig. 2), even when continued for 72 hours in vitro, did not kill the trypanosome: 

The results so far discussed indicate the possibility of rapid absorption an 
fixation of the drugs by the trypanosomes, but as shown by Table IV, little or n: 
absorption by living organisms could be demonstrated except in a concentration © 
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) mg. per 100 ml. In this concentration, however, at the end of 30 minutes many 
ypanosomes were seen to be moribund. Dead trypanosomes (Table IV) absorbed 
ppreciable amounts of the drugs and it is possible that the absorption shown with 


TABLE IV 


THE AB3ORPTION OF 129C46 AND 6C46 BY T. rhodesiense in vitro, ALIVE, AND KILLED BY 
THREE MINUTES’ EXPOSURE TO 60° c. 














q Concentration of drug in mg. per 100 ml. | 
, in medium | Mg. drug absorbed by 10° 
. ——— _ ——- trypanosomes 
Drug Final 
Initial . —— — _ 
Living | Dead | Living | Dead 
129C46 10.0 9.6 8.06 | 0.4 | 3.88 
5.0 5.1 4.20 | 0 1.60 
2.5 | 2.5 1.66 | 0 0.68 
{ — 6C4~—~CO«OSi(«‘ixO 9.7 7.90 0.3 4.20 
5.0 5.06 4.10 0 1.80 
2.5 2.46 1.66 0.04 0.68 














iG. 5.—Mortality curves 
: for T. rhodesiense in 

rabbit serum taken 
at intervals from an 
animal which had re- 
ceived 20 mg./kg. of 
6C46 intravenously. 


°/, Survivors 

















12 24 36 48 
Hours 


‘ zh concentrations resulted from the presence of dead and dying organisms. Under 
i¢ microscope, living trypanosomes remained unstained but dead ones were 
imediately coloured by the drugs. 

: Attempts to demonstrate activation of 6C46 and 129C46 by incubation with 
) : ‘rum failed. Similarly (Fig. 5), no in vitro antitrypanosomal activity, other than 
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it attributable to circulating drug, could be detected in the serum taken from 
‘ated rabbits. 

Experiments with T. cruzi showed that many phenanthridinium compounds 

, ossessed activity in vitro against the blood forms of T. cruzi in dilutions similar to 

{hose active against 7. rhodesiense ; results for the in vitro activity of 6C46 and 

‘47 are shown in Table V. The first of these drugs has been shown to be active 


TABLE V 
THE EFFECT OF 3C47 AND 6C46 ON THE BLOOD FORMS OF 7. cruzi in vitro 





Dilution to kill 90°% trypanosomes 








Drug | — ; 
In 24 hours In 48 hours 

3047 | 1/150,000 1/70,000 

6C46 1/300,000 1/150,000 





in vivo against T. cruzi (Goodwin, Goss, Lock, and Walls, 1950) when given during 
the incubation period, but not against an established infection, whereas 3C47 is 
active under both conditions. It seems probable from this evidence that although 
6C46 is toxic to the blood forms of the parasite, it is either inactive against the intra- 
cellular forms, or does not penetrate readily enough to produce a concentration 
lethal to the enclosed parasites. Tissue cultures containing a large number of infected 
cells (Plate Ia) exposed to 0.3 and 0.6 mg. per 100 ml. of this drug for 48 hours, 
subsequently showed some diminution in the rate of increase of infection throughout 
the host tissues, but development of the intracellular forms continued and flagellates 
were present in and outside the host cells up to the end of the experiment, five days 
after replacement of drug-containing by drug-free medium. In both concentrations, 
however, some effect was seen upon the intracellular forms. Although multiplica- 
tion and development of the parasites within the cell continued, a proportion degener- 
ated. The nucleus, which in healthy parasites consists of a sphere of chromatin 
urrounding a clear area containing a central karyosome (Plate Ia), degenerated to a 
mall irregular mass of deeply staining material ; the cytoplasm became shrunken 
id indistinct (Plate Ib). However, the normal division and development of the 
tracellular forms exceeded the rate of destruction and the infection progressed. 
his occurred even with the cultures exposed to the higher concentration of drug, 
which the growth of the host cells was strongly retarded. In this concentration 
e nuclei of many host cells degenerated and dividing forms were not seen. 


Exposure of cultures to 3C47 (0.15 and 0.3 mg. per 100 ml.) produced a rapid 
ssation of division and development of the intracellular forms. Moving flagellates 
‘re absent three days after the removal of the drug. The intracellular forms 
pidly became shrunken, there was no evidence of division, and by the fifth day they 
re difficult to find ; those present appeared to be moribund or dead (Plate Ic). 
i¢ host cells were apparently unaffected by the drug in these concentrations. 
ontrol cultures (Plate Id) at the end of the experiment contained large numbers 
all forms of the parasite. It is apparent that 3C47 has a direct lethal effect on 
> intracellular forms of T. cruzi. 
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SUMMARY 


1. The effect of some phenanthridine compounds upon 7. rhodesiense and T. cruz 
in vitro at 37° C. has been investigated. 


2. The drugs were shown to be effective in high dilution in vitro and the orde 
of activities in vitro and in vivo are similar. However, the effective concentratio: 
in vivo of a really potent compound appears to be much lower than the effectiy 
concentration in vitro, and considerable activity in vitro is shown by a compoun: 
which has no significant activity in vivo. 

3. A short exposure to an effective drug in vitro or in vivo profoundly affected 
the power of survival of 7. rhodesiense and T. congolense. 

4. No appreciable absorption of the drugs by living trypanosomes could be 
detected by the methods at our disposal. 

5. No activation of the drugs in vivo or in vitro could be found. 

6. A direct toxic effect of a drug which is active in vivo has been shown on the 
intracellular forms of T. cruzi in tissue culture. 


My best thanks are due to Miss R. Shipman, Messrs. P. Bradley and M. W. C. 
Cheeseman for assistance, to Mr. J. W. Michaeli for taking the photomicrographs, and 
to Mr. L. G. Goodwin for much advice and encouragement. 


REFERENCES 


Brownlee, G., and Short, E. I. (In preparation). 

Goodwin, L. G., Goss, M. D., and Lock, J. A. (1950). Brit. J. Pharmacol., 5, 287. 

Goodwin, L. G., Goss, M. D., Lock, J. A., and Walls, L. P. (1950). Brit. J. Pharmacol., 5, 277. 
Hawking, F. (1946). Trans. R. Soc. trop. Med. Hyz., 40, 345. 

Yorke, W., Adams, A. R. D., and Murgatroyd, F. (1929). Ann. trop. Med. Parasit., 23, 501. 





aD ti 














fe SP ig ON 














Pah PENNS 





t. J. Pharmacol. (1950), 5, 409. 


Y+HE ACTION OF ANTIMALARIAL DRUGS IN MICE 
INFECTED WITH PLASMODIUM BERGHEI 


BY 


JUNE P. THURSTON 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received March 27, 1950) 


This paper describes experiments in which several known antimalarial drugs 
(quinine, proguanil, pamaquin, mepacrine, chloroquin, sulphadiazine, sulphanilamide, 
and 4: 4’-diaminodiphenyl sulphone) were tested for activity against infections of 
Plasmodium berghei in mice, in order to assess the possible use of this newly 
discovered malaria parasite in chemotherapeutic screening. 


P. berghei is a parasite of a wild rodent in the Belgian Congo and was discovered 
and described by Vincke and Lips (1948). It is readily transmitted to white mice by 
syringe-passage ; in experimental infections it produces a parasitaemia which is detect- 
able in stained blood films from the day after inoculation, and which increases 
steadily until 50-80 per cent of the erythrocytes are parasitized ; the mice die in 8-18 
days after infection. No mosquito is known which transmits P. berghei in the 
laboratory, and, as yet, no exoerythrocytic form has been described. 

Several avian malaria parasites are maintained in the laboratory, and P. gallin- 
aceum is now used widely for routine chemotherapy tests in chicks. However, the 
pharmacology and toxicology of drugs show differences between birds and mammals, 
and, therefore, a test on a parasite of mammals might give results more readily 
applicable to human malaria. P. berghei is the only plasmodium known which will 
readily infect the smaller laboratory mammals. 


METHODS 


The strain of P. berghei used in these investigations was received from Dr. P. 
Brutsaert through Professor H. E. Shortt. We wish to thank the Belgian workers 
tor kindly making the infection available for study. 

The method of testing drugs on P. berghei infections was based upon the standard 

ts with P. gallinaceum given in the American “Survey of Antimalarial Drugs, 

11-1945,” and described by Curd, Davey, and Rose (1945) and Tonkin and Hawking 

47). 

Mice, ranging in weight from 15-20 g., were infected for the tests with an inoculum 

ntaining 5-15 million parasites in 0.2 ml. citrated blood, injected by the intraperitoneal 

ite. The doses of drugs were adjusted to the weight of the mouse, but all mice 
eived the same inoculum. Drugs were given orally once daily for four days, 
nmencing three to four hours after inoculation. Thin blood films, stained with 
emsa, were examined on the fifth day (i.e., the day after the last dose of drug was 
ministered) and the seventh day. The degree of infection was recorded as the 
centage of erythrocytes which were parasitized, and the geometric mean was taken 
each group of mice. The Minimum Effective Dose (M.E.D.) was defined as the 
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smallest dose which gave a mean infection level of less than one per cent of th 
erythrocytes parasitized on the fifth day. No attempt was made to record the actua 
percentage of erythrocytes parasitized when the figure was less than one per cent, a 
this level of infection was taken as the criterion for the M.E.D. Such infections wer 


shown as < | per cent, whether the number of parasitized erythrocytes was | in 40) 


erythrocytes or | in 20 microscope fields. Twenty oil-immersion fields were examine. 
before a blood film was considered negative. 

Mice in which the infection had responded to treatment were examined twice week!) 
after the seventh day until parasites were again observed in the blood films, or unti! 
the sixtieth day. In case there was some immunity reaction which prevented the 
multiplication of P. berghei, mice that had negative blood films up to the sixtieth day 
were then killed and the blood injected into normal mice. If none of the latter became 
infected it was assumed that the original mouse had been cured, that is, that the infection 
had been completely prevented. 

The following salts of the drugs were used: quinine hydrochloride containing 88.7 
per cent anhydrous quinine, proguanil acetate containing 69.3 per cent of proguanil 
base, pamaquin methylene bis- 


604 Percentage of hydroxynaphthoate containing 
erythrocytes 45 per cent of base, mepacrine 
parasitized e hydrochloride containing 91.5 

mf 4 per cent of mepacrine base, 
. chloroquin diphosphate contain- 
504 wor 77 ° ing 62.6 per cent of chloroquin 


base, sodium sulphadiazine con- 
taining 91.5 per cent of sulpha- 
diazine. All amounts of the 
drugs quoted refer to these 
salts. Sulphanilamide and 4: 4- 
diaminophenyl sulphone were 
used as the pure substances. The 
latter compound is the parent 
substance from which promin 
was derived. It is believed that 
the activity of promin is due to 
the slow liberation of the parent 
substance in the body. 


404 


207 
RESULTS 
Size of inoculum and route of 
injection 
107 In preliminary experiments, 
mice were inoculated with dil- 
ferent numbers of parasites b 
the intravenous and by the 
— intraperitoneal routes, respec- 
8 9 1 tively. Table I shows that, on 


snfecti 

Days after infection = ———S—SSsSsthe fifth day, although ther: 

Fi. 1.—To show the course of P. berghei infections in mice wag jittle difference in th: 

when different numbers of parasites are injected intra- : : hai 
venously or intraperitoneally. degree of infection between t 
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TABLE I 


SHOWING THE MEAN PERCENTAGE OF ERYTHROCYTES PARASITIZED AFTER INTRAVENOUS AND 
INTRAPERITONEAL INOCULATION, RESPECTIVELY 


Mice shown in experiment 1 were examined on the 4th day after infection; those in 
experiments 2 and 3, on the Sth day 





| Mean percentage of erythrocytes parasitized 
No. of parasites |—— mevinwsnepeininel pastel 











injected per Experiment | Experiment 2 Experiment 3 
mouse vem rma gues ee See Po eee ie cae 
iv. i.p. iv. i.p. iv. i.p. 
150 million ea 18 20 
50 million .. oe 25.4 24.5 
1S million .. ei 16.5 10 
10 million .. ais 31 41 
S million .. ts 17.8 7.4 
1.5 million .. a 63 | 18 | 
| million in | 13.1 13.4 
500,000_—i«sy. “a | £3 |} <l 
150,000... wr <i 
100,000. ba 1.8 0 
50,000 ae *: 0 0 











mice infected by these two routes, there was considerable variation between 
one experiment and another. The course of the infection in one series 
of experiments is given in Fig. 1 which shows that the degree of infection 
obtained with P. berghei is not closely related to the number of parasites injected. 
Accordingly, in framing the tests, the intraperitoneal route was chosen for the injec- 
tion of the parasites, as being quick and easy to perform. The inoculum of 
5-15 million parasites was chosen because it gave a high infection on the fifth day 
(the mean number of erythrocytes parasitized in six experiments being 20.7 per cent), 
and mice die in 8-13 days ; also, with this size of inoculum it is possible to obtain 
irom a heavily infected mouse sufficient parasites to infect a large number of mice. 


lhe activity of antimalarial drugs 
The results obtained by testing drugs according to the above method are shown 
in Table II. At least three mice were used for each dose, and the mean results are 
recorded. The results of several experiments are shown for each drug, together 
vith the figures for the control mice in each experiment. When a dose cleared the 
lood of parasites, the number of days after inoculation that the blood remained 
varasite-free is recorded. With quinine and proguanil, cures were rare even at the 
)xic limits, whereas mepacrine and sulphadiazine readily produced complete cures. 


DISCUSSION 
omparison of P. berghei with P. gallinaceum 
Tests of several antimalarial drugs against P. berghei have been reported by 
;0odwin (1949) and by Schneider, Decourt, and Montézin (1949) and their figures 
or the Quinine Equivalents can be compared with those obtained with P. gallinaceum. 
he Quinine Equivalent of an antimalarial drug, as defined by Marshall (1946) in 
ne “ Survey of Antimalarial Drugs,” is the ratio by weight of the dose of quinine 
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TABLE II 


THE ACTIVITY OF ANTIMALARIAL DRUGS AGAINST P. berghei INFECTIONS IN MICE, DOSES BEING 
GIVEN ORALLY ON FOUR SUCCESSIVE DAYS 





| 
Minimum 

































Mean percentage of erythrocytes | , 
— Dose parasitized on 5/6th day | Days or effective 
8 mg./20 g . —__— —— dose mg. 
. b ~ d | Megative | per 20 g. 
Quinine hydro- 1.0 9.8 5.8 
chloride 2.0 1.9 2 
3.0 <! | 3.0 
4.0 0 et 2 mice, 13 
6.0 0 0 | 
10.0 0 1 mouse, 21; | 
1 cured 
Controls 7 13 35 16.3 
Proguanil acetate 0.2 8 19.7 
0.3 2 
0.4 <i! 0.5 
0.5 0 1.1 0 2 mice, 13; 
1 cured 
0.7 0 1 mouse, 14 
(LD 75) 
1.0 Toxic 
Controls oP 17 37.8 35 
Pamaquin naph- 0.03 16.8 
thoate 0.1 26 8.6 
0.2 22.6 8 0.7 
0.5 0 12.2 0 0 6 mice, 9 
0.7 0 l 2 mice, 11; 
1 cured 
1.0 0 0 3 mice, 11; 
3 cured 
2.0 





0 3 mice, 13 






Controls 








Mepacrine hydro- 
chloride 






1 mouse, 16; 
2 cured 

0 3 mice cured 

6 mice cured 














Controls 














Chloroquin di- 0.0016 17.8 | 
phosphate 0.016 14 

0.064 15.3 14.1 | 0.16 
0.096 Fal 1.4 

| 0.128 0 
0.16 2 0 <i 3 mice, 7 
0.32 | 0 0 4 mice, 12 
0.8 0 1 mouse, 12; | 





2 cured 















Controls 18.4 | 20 
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TABLE Il—continued. 








| Minimum 



































Mean percentage of erythrocytes : 
Dose parasitized on 5/6th day Days mice effective 
Drug remained 
mg./20 g. —— — _ — panne dose mg. 
a b ec d 8 per 20 g. 
lium sulpha- 0.0005 24.1 
liazine a 0.001 | 24.1 15.5 | 
0.002 | a | | 0.004 
0.004 0 | 2 mice, 10; | 
| 1 cured 
0.007 0 | 3 mice, 9 
0.01 0 0 1 mouse, 10; 
1 cured 
0.1 0 0 1 mouse, 15; 
| 2 cured 
1.0 o | | | 
4.0 0 
10.0 0 | | 
20.0 0 4 mice cured | 
Controls 19.8 | 20 17.4 | 
Sulphanilamide.. | 0.001 13.1 | 
' 0.01 1.9 | | | 
0.1 62 } | 1.0 
1.0 24 | 
10.0 0 3 mice, 10 
Controls 16.3 
4: 4’-Diamino- 0.001 a 
diphenyl — sul- 0.01 0 3 mice, 9 
phone Bh 0.1 0 3 mice,10 | 0.001 
1.0 0 
10.0 0 
Controls 16.3 





to the dose of the drug under assay when both drugs, administered under identical 
conditions, produce the same response in parasitized animals. In the present series 
of experiments this has been taken as the ratio: 


Minimum Effective Dose of quinine 
Minimum Effective Dose of the drug under assay 

iculated as base in each case. In Table III the Quinine Equivalents obtained 

th P. berghei in this laboratory are compared with the results reported by Goodwin, 

d with the figures obtained when drugs are tested against P. gallinaceum. The 

ures given for the M.E.D. of quinine and the Quinine Equivalents of the other 

igs when tested against P. gallinaceum are taken from the “ Survey of Antimalarial 
| ugs, 1941-1945,” with the exception of the figures for proguanil, which are taken 
' m Davey (1946). The Quinine Equivalents reported by Goodwin (1949) have 
6 -n recalculated on the amount of base in each drug. They show fair agreement 
\ h those found in this laboratory for proguanil and mepacrine, and less close 
a cement for pamaquin and chloroquin. 
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TABLE Ill 


QUININE EQUIVALENTS OF VARIOUS ANTIMALARIAL DRUGS TESTED AGAINST P. berghei AND 
P. gallinaceum INFECTIONS 





Quinine equivalents 



































Drug P. berghei (mice) Pintle 
Thurston Goodwin (chicks) 
Proguanil .. oe - a 70C~C~*# me cw — 
Pamaquin.. ..  .... 85 4.5 10-40 
Mepacrine oe ss a ves 85 — 2-6 d 
Chloroquin i ny +“ - 26 6 13 a 15 : 
Sulphadiazine , —_ oa re 727 mae ee ees 08 7 
Sulphanilamide . ; " = a. oe ois anaes or ce: 0.08 
Promin .. ww wee 0.04 
4: 4’-Diaminodiphenyl sulphone 2,500 — 
Quinine .. oe oe @lo wa | | [U6 elUlUCU Ue 
M.E.D. 2.7 mg./20 g. M.E.D. 0.6 mg.,20 g. 
daily x4 b.i.d.x 8 





P. berghei is only half as sensitive to the action of quinine as P. gallinaceum : 
similarly, it is also less sensitive to the other antimalarials, with the important 
exception of the sulphonamides. This difference in sensitivity, however, is not large 
enough to prevent P. berghei from being used in the search for new antimalarials. 
The Quinine Equivalents show that P. berghei is relatively less sensitive to pamaquin 
than P. gallacineum is; the sensitivity to proguanil is almost the same in both 
species ; P. berghei is slightly more sensitive than P. gallinaceum to mepacrine and 
chloroquin, while it is many times more sensitive to the action of the sulphonamides. 

The results obtained by Schneider, Decourt, and Montézin (1949) have not been 
included in Table III as the drugs were administered subcutaneously and so cannot 
be compared with the other figures for P. berghei and P. gallinaceum. They found 
that P. berghei was two and a half times as sensitive to pamaquin as to quinine, 
two to four times as sensitive to mepacrine as to quinine, and four to eight times as 
sensitive to chloroquin (resorchin) as to quinine. 


The sensitivity of malaria parasites to sulphonamides 


Malaria parasites vary considerably in their sensitivity to the action of sulphon- 
amides. Of the avian species, P. gallinaceum is the most sensitive, with a Quinine 
Equivalent for sulphadiazine of 0.8, while P. lophurae and P. cathemerium are only 
slightly sensitive (Survey of Antimalarial Drugs, 1941-1945). P. relictum var. 
matutinum, P. circumflexum, and P. nucleophilum are unaffected by sulphanilamicdec 
(Counts and Coulston, 1941). 

The malaria parasites of monkey and man are sensitive in varying degrees '0 
the action of sulphonamides. Sulphadiazine and promin are invariably more acti\¢ 
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an sulphanilamide. P. cynomolgi, P. inui, and the human malaria parasites are 
nsitive to the sulphonamides, and P. knowlesi is extremely sensitive (Coggeshall, 
laier, and Best, 1941). The Quinine Equivalent of sulphadiazine against P. knowlesi 
175 (Richardson et al., 1946). 


P. berghei is even more sensitive than P. knowlesi to the sulphonamides, the 
juinine Equivalent of sulphadiazine being 727. As it is a large, rapidly repro- 
ucing parasite its sensitivity is in line with the suggestion put forward by Coggeshall 
(1940) that the sulphonamides act most readily against species with a rapid rate of 
metabolism. 

Para-aminobenzoic acid antagonizes the antimalarial action of the sulphon- 
amides; thus it antagonizes the action of sulphadiazine against P. knowlesi 
(Richardson et al., 1946), and the action of sulphaguanidine against P. lophurae 
in chicks (Marshall, Litchfield, and White, 1942). When given alone, p-aminobenzoic 
acid showed slight antimalarial activity against the latter infection. In one of my 
own experiments with P. berghei, 1 mg. p-aminobenzoic acid per 20 g. mouse, given 
by mouth twice daily, completely antagonized the action of 0.01 mg. sulphadiazine 
per 20 g. mouse daily ; 10 mg. p-aminobenzoic acid per 20 g. mouse alone had no 
action upon P. berghei. These observations confirm the view that the sulphon- 
amides act against malaria parasites and against bacteria in a similar manner, and 
suggest that some fundamental difference in metabolism affects the susceptibility of 
the various species of plasmodia to the action of sulphonamides. 


The test against P. berghei in mice 

As P. berghei has been shown to be susceptible, like P. gallinaceum, to the action 
of a wide range of antimalarial drugs, it is proposed to use this infection in screen- 
ing new compounds for antimalarial activity in our laboratory. An infection in mice 
is much easier to maintain and handle than one in chicks, and less drug is required 
per experiment. The adoption of P. berghei for routine testing should lead to an 
appreciable saving of time, labour, and drug. As, however, no convenient insect 
vector is yet known for P. berghei and sporozoite infection is therefore impossible, 
no experiments on the prophylactic action of drugs can be undertaken with this 
infection. For such experiments the test with P. gallinaceum must be retained. 

In routine screening experiments it is proposed to inject the drug intraperitoneally 
instead of orally as there is more likelihood of discerning slight activity in a new 
compound by the former method. 


SUMMARY 


|. Mice were infected with P. berghei by means of an inoculum of 5—15 million 
rasites intraperitoneally. They were treated with antimalarial drugs by mouth on 
ur successive days. Stained blood films were examined on the fifth day, and the 
nimum Effective Dose of each drug was determined from these results. 


2. P. berghei is half as sensitive to the action of quinine as P. gallinaceum. On 
| + basis of the Quinine Equivalents, P. berghei is as sensitive as P. gallinaceum to 
p »guanil ; it is less sensitive to pamaquin and slightly more sensitive to mepacrine 
| chloroquin; it is many times more sensitive than P. gallinaceum to 
Ss phonamides. 
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3. In its susceptibility to sulphadiazine, 4: 4’-diaminodiphenyl sulphone an 
sulphanilamide, P. berghei resembles the malaria parasites of monkey and ma: 
more than it does the avian species. p-Aminobenzoic acid antagonized the activity 
of sulphadiazine. 


4. It is proposed to adopt the test against P. berghei in mice for routine screen- 
ing experiments in this laboratory in place of the existing test against P. gallinaceu:) 
in chicks. 


I wish to thank Dr. F. Hawking for his help and advice in this work, and Miss 
D. Ryder for technical assistance. 
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ADRENALINE AND NORADRENALINE IN THE 
SUPRARENAL MEDULLA AFTER INSULIN 


BY 


J. H. BURN, D. E. HUTCHEON,* anp R. H. O. PARKER 
From the Department of Pharmacology, Oxford University 


(Received April 18, 1950) 


When animals are injected with insulin in amounts sufficient to produce symptoms 
of hypoglycaemia, different mechanisms are set in motion to restore the normal 
blood sugar. One of these is discharge of adrenaline from the suprarenal medulla. 
Evidence supporting this was found by Burn (1923), who observed that ergotamine, 
which inhibits the hyperglycaemic action of adrenaline, greatly increased the hypo- 
glycaemic action of insulin in the rabbit. Cannon, McIver, and Bliss (1924) injected 
insulin into cats from which the stellate ganglia had been previously removed to 
denervate the heart ; they found that as the blood sugar fell the heart rate increased. 
The increase was not seen if the suprarenal glands were first removed. Burn and 
Marks (1925) showed that section of both splanchnic nerves in the cat increased 
the hypoglycaemic reaction to insulin. Poll (1925) found that the chromaffin 
reaction of adrenal tissues was much diminished by the injection of insulin in rats, 
mice, pigeons, and frogs. Gohar (1934) made similar observations using Folin’s 
uric acid reagent. The doses of insulin were 10 units per rat given twice daily 
during 10-15 days; these were enormous doses. The adrenaline content was 
reduced in this way to 0.77 mg. per g. gland from 2.0 mg. per g. gland, which was 
ithe figure for control rats. Vogt (1947) also studied the effect of insulin injections 
on the suprarenal gland of the rat ; she was mainly concerned with changes in the 
cortex. When insulin was injected, the dose being 0.12 unit/100 g., she found that 
“depletion of the adrenaline stores from the medulla was not yet visible, but it 
became obvious at 0.24 i.u. and was very conspicuous with all doses above this 
level.” She observed the adrenaline by histological examination, fixing with Orth’s 
luid. 


Evidence has already been obtained in this laboratory that noradrenaline is a pre- 
ursor of adrenaline in the suprarenal medulla. Biilbring (1949) has shown that 
ninced suprarena] tissue from dogs and from cats, when incubated with adenosine 
iphosphate, converts noradrenaline to adrenaline ; she made the important obser- 
ation that the conversion is most vigorous in tissue prepared from glands stimulated 
irough the splanchnic nerve beforehand. Biilbring and Burn (1949b) have also 
tained evidence of the conversion of noradrenaline to adrenaline in the perfused 
prarenal gland of the dog, by observing a disappearance of noradrenaline and a 
rresponding increase in the amount of adrenaline. 


*Medical Research Fellow of the National Research Council of Canada. 







































418 J. H. BURN, D. E. HUTCHEON, and R. H. O. PARKER 


The present investigation was undertaken in the hope of observing that th 
proportion of adrenaline to noradrenaline in the suprarenal medulla was less in th 
gland depleted by the injection of insulin. As the gland refilled its store, no: 
adrenaline might accumulate at a rate greater than that at which it could b 
methylated. If this were so a lower proportion of adrenaline would be found tha 
in glands from rats not injected with insulin. 


METHODS 


Wistar rats were used in groups of 5 to 11; they were mostly females from 
100-150 g. In any experiment the different groups contained the same number oi 
rats, the same proportion of males and females, and the same distribution of body 
weight.. They were kept without food overnight and injections were given in the 
morning. The experiments were carried out between October and February. The 
dose of insulin injected (s.c.) was 0.2 unit per 100 g.; this was sufficient to produce 
symptoms of hypoglycaemia which in some experiments were severe. When symptoms 
were severe, injections of glucose were given not only to the affected rats but to all 
the rats. 

At a given time after the injection of insulin the rats were killed by a blow on 
the head and bled out by cutting the throat. The suprarenals were removed, weighed, 
and the glands of one group were ground in a mortar in 6 ml. 0.1 N-HCl with a 
little sand. The contents of the mortar were then transferred to a centrifuge tube 
and N-NaOH was added to bring the reaction to pH 6. The tube was then immersed 
in a boiling water bath for 90 secs., taken out, cooled and centrifuged. The clea: 
supernatant fluid was placed in another tube and adjusted to pH 4 with N-HCI. 
It was then kept in the cold until the test was carried out. Extracts of the glands 
from the non-injected rats were prepared at the same time. 

The determination of the proportion of adrenaline and noradrenaline in the extracts 
was made by the method we have recently described (Burn, Hutcheon, and Parker, 
1950). This consists in determining in a spinal cat the effect of the extract in causing 
contraction of the nictitating membrane (not denervated) and a rise of blood pressure. 
The extract is compared with known mixtures of adrenaline and noradrenaline, the 
ratio of the height of the contraction of the nictitating membrane to the rise of blood 
pressure being determined for the extract and for the different mixtures. In making 
these observations we have found it useful to ligate the suprarenal vessels of both 
glands, and also to cut the cervical sympathetic chain. Even in the spinal preparation 
there is sometimes central activity which affects the nictitating membrane. 

The total activity in each extract was estimated by comparing its pressor action 
in the spinal cat with that of adrenaline. The pressor action of a given amount of 
adrenaline is usually slightly less than that of the same amount of noradrenaline at 
the beginning of an experiment, but the difference disappears as the experiment 
continues, and the total activity can then be estimated in comparison with adrenaline 
without serious inaccuracy. In some experiments total activity was also determined 
in the isolated rabbit intestine. 


RESULTS 


Changes in total activity—The changes in total activity in different experiment: 
are shown in Table I. In Experiment 1, for example, there were three groups 0! 
rats, one not injected as the control group, a second group which was killed two 
hours after receiving insulin, and a third group which was killed four hours afte 
receiving insulin. While the control figures in the different experiments were fair! 
close together, the mean figure being 0.92 mg. per g., the figures at a given interv: 
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‘ter insulin varied widely. Thus at six hours the lowest figure was 0.08 mg./g. and 
ne highest was 0.84 mg./g. although the dose of insulin was the same in each 
xperiment. The effect of insulin judged by symptoms of hypoglycaemia was, 
1owever, very different in different experiments although the conditions were similar. 


TABLE I 


CHANGE IN TOTAL PRESSOR ACTIVITY, ESTIMATED AS ADRENALINE (MG./G.), AFTER THE INJECTION 
OF 0.2 UNIT INSULIN/100 G. 





Total activity (mg./g.) at various times after insulin 

















Exp Control —_—. —-— 
2 hr. 3 hr. 4 hr. 6 hr. 8 hr. 12 hr. 
l 0.98 0.78 0.52 
2 1.01 0.69 0.57 
3 0.57 0.43 
4 1.07 0.84 
5 0.99 0.63 
e 0.97 0.41 
7 0.60 0.25 0.08 
3* 1.0 0.48 
9 1.08 0.66 
10 0.79 0.38 
11 1.16 0.32 
12 0.74 0.55 
13* 1.00 0.95 
Mean: 0.92 0.73 0.34 0.55 0.49 0.44 0.75 





*Sugar was injected in these experiments. 


When the mean figures at the foot of the columns are examined, apart from the 
progressive fall in the first three hours, there is little sign of continuous change. 
If, however, each control figure is given the value 100, and the figures in the same 
experiment are expressed as a percentage, then, when the mean percentages are 
plotted, the curve (A) shown in Fig. | is obtained, which shows maximum depletion 
it 8 hours ; at 12 hours recovery has already begun. 


Mg./g. % 
1.0 100 
0.8 80 
B 
0.6 60 


Fic. 1.—Curve A shows change in total 

activity (adrenaline + noradrenaline) 

0.4 40 in rat suprarenals after insulin, 0.2 

unit/100 g. Ordinate (on left) mg./g. 

Abscissa time in hours. Curve B 

02 shows change in adrenaline percentage 

(ordinate on right). Note that the 

adrenaline percentage does not begin 

to fall until 4 hr. whereas total activity 
2 4 6 8 10 12 hr. falls at once. 
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Fall in adrenaline percentage.—In determining the proportion of adrenaline in 
the extract, the procedure followed is illustrated in Figs. 2 and 3. In Fig. 2, the 
first injection (a) was 5 yg. /-noradrenaline ; the rise of blood pressure was accom- 
panied by a small effect on the nictitating membrane. The last injection (d) wa: 
5 yg. l-adrenaline ; the rise of blood pressure was the same, but the effect on the 
nictitating membrane was much greater. The second injection (b) was 0.4 ml. of 
extract prepared from animals injected with insulin six hours previously. The 





Fic. 2.—Spinal cat, normal nictitating FiG. 3.—Records as in Fig. 2. (a) 10 pg. 
membrane and blood pressure. /-adrenaline; () 0.4 ml. extract (diluted 
(a) 5 wg. /-noradrenaline; (4) 0.4 ml. 1 in 2) of glands of control rats; (c) 0.4 
extract of adrenal glands of rats ml. extract of glands of rats given insulin 
given insulin 6 hr. previously; 12 hr. previously ; (d) a mixture contain- 
(c) 0.1 ml. extract of adrenal glands ing 4 wg. /-adrenaline and 4 yg. /-nor- 
of control rats; (d) 5 ug. /-adren- adrenaline; (e) a mixture containing 
aline. See text. 2 wg. /-adrenaline and 6 yg. /-nor- 
adrenaline. 


third injection (c) was 0.1 ml. of control extract. Since the rise of blood pressure 
was similar in (b) and (c) the extract of glands depleted by insulin contained about 
one-quarter the total activity of the control extract. Since the contraction of the 
nictitating membrane was less for (b) than for (c) the proportion of adrenaline in 
the extract of depleted glands was less than the proportion in the control glands. 
Fig. 3, taken from an experiment in which insulin was injected 12 hours previously, 
shows at (a) the effect of 10 »g. adrenaline ; at (b) 0.2 ml. control extract, and at 
(c) 0.4 ml. of extract from depleted glands. Injection (d) was a mixture containing 
4 wg. of adrenaline and 4 yg. of noradrenaline, while (e) was a mixture containing 2 pg. 
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TABLE II 
RATIOS OF MEMBRANE CONTRACTION TO RISE OF BLOOD PRESSURE X 1,000. EXP. OF DEC. 20, 1949 











Adren. | 75% adren. 50% adren. | Control Extract of 

| 25% nor. 50% nor. | extract | depleted glands 
207 | 172 | 164 | 196 | 149 
314 | 234 260 215 
284 219 328 | 273 
334 250 | 197 303 | 212 
| 298 | 250 
“Mean 285 235 | 203 277 | 220 





of adrenaline and 6 yg. of noradrenaline. Inspection of Fig. 3 shows that the control 
extract contained between 50 and 100 per cent adrenaline, while the extract from 
depleted glands contained about 25 per cent adrenaline. 

The procedure followed in arriving at the figures for the percentages of adrenaline 
in the extracts of control and depleted glands is illustrated by the following example. 
A series of 39 injections was given in which the rise of blood pressure and the 
contraction of the nictitating membrane were recorded, all volumes for injection 
being chosen so as to produce as nearly as possible the same rise of blood pressure. 
Each contraction of the nictitating membrane was measured and expressed as a 
ratio of the blood pressure rise. Thus 7.5 pg. adrenaline caused a 28 mm. con- 
traction of the membrane and an 89 mm. rise of blood pressure. The ratio ( x 1,000) 
was 314. In the course of the experiment the values for the ratio were those 
shown in Table II. The ratios in each horizontal line were obtained at the same 
stage of the experiment, and are therefore comparable. Each ratio for the control 
extract was appreciably greater than the corresponding ratio for the extract from 
the depleted glands. The actual percentages for the extracts were calculated by 
plotting the ratios for adrenaline and the known mixtures, and finding the values 


TABLE III 
PERCENTAGE OF ADRENALINE IN GLAND EXTRACTS AFTER INJECTION OF INSULIN 0.2 UNIT/100 G. 





Percentage of adrenaline at various times after insulin 


Exp. Control a sccm aassiichemeibadian 
2 hr. 3 hr. 4hr. |  6hr. Shr. | 12hr. 
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for the extracts by interpolation. The control extract was thus found to contaii 
96 per cent adrenaline and 4 per cent noradrenaline, while the extract of deplete: 
glands contained 62 per cent adrenaline and 38 per cent noradrenaline. 

The results obtained in all the experiments are shown in Table III, where th 
figures indicate the percentage of adrenaline in the gland extracts. The fall in th 
adrenaline percentage begins to be evident after four hours, and is obvious in a! 
experiments at six hours and eight hours. In one experiment at 12 hours ther 
was no fall; in this the animals were very little affected by the injected insulin 
In the other experiment at 12 hours the fall was still obvious; in this the animals 
showed severe symptoms and glucose was injected. Thus the results afford clea: 
evidence that when the glands are depleted the proportion of activity due to nor- 
adrenaline is much greater than in control glands. 


DISCUSSION 


The results show in the first place the change in the total amount of active 
material, adrenaline and noradrenaline, present in the suprarenal medulla after the 
injection of insulin in sufficient amount to cause symptoms of hypoglycaemia. When 
insulin was injected in the dose of 0.2 unit/100 g. body weight of rat, the total 
fell, the mean fall reaching a minimum at eight hours, when the total activity was 
about 50 per cent of that originally present. After 12 hours the total activity was 
rising again. There is great variation in the response of rats to insulin on account 
of differences (a) in strain, (b) in diet, and (c) in season of the year. Consequently 
while the curve A in Fig. | represents the changes found between October and 
February in one laboratory, it may not have a general application to other rats 
injected with the same amount of insulin. 

The results show in the second place the fall in the percentage of adrenaline 
present in the medulla. This fall is not parallel to the fall in total activity (see 
curve B, Fig. 1), and indeed it is only obvious six hours after giving insulin, although 
the fall in total activity is obvious two hours after insulin. 

There are two explanations for the fall in the adrenaline percentage in the 
medulla. One is that adrenaline only is being discharged into the blood and not 
noradrenaline. The other is that the work of replenishing the store of noradrenaline 
in the medulla proceeds faster than the process of methylation. We think that the 
evidence is in favour of the second explanation, for if the first explanation were 
correct the curve showing the fall in adrenaline percentage ought to fall at least 
as quickly as the curve for the fall in total activity. There is, however, a period 
of more than three hours in which the progressive fall in total activity is not 
accompanied by a fall in adrenaline percentage. 

We therefore consider that the present observations give further support to the 
evidence already referred to (Biilbring, 1949 ; Biilbring and Burn, 1949b) that nor- 
adrenaline is a precursor of adrenaline in the suprarenal medulla. Thus our exper! 
ments appear to us to demonstrate that when the suprarenal medulla is hard a! 
work, pouring out its secretion for several hours because of hypoglycaemia, th 
process of methylation is rather slower than the processes by which fresh nor 
adrenaline is accumulated. 

The relative proportion of noradrenaline and adrenaline which is released fron 
the gland by nerve impulses (Biilbring and Burn, 1949a) probably depends on th 
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lative amounts present and there is no convincing evidence that one or other sub- 
ance is released alone. Holtz and Schiimann (1949) have claimed that when both 
irotid arteries are clamped in the cat, there is a reflex discharge of noradrenaline 
nly from the suprarenal glands. Their main evidence was the finding that after 
‘moving the suprarenals they no longer observed a contraction of the spleen on 
lamping the carotids. This evidence appears to us unsatisfactory. We believe that 
he contraction of the spleen observed when the carotids are clamped is due to 
impulses passing along the splenic nerves and not to a substance released from the 
suprarenal gland. The finding of Holtz and Schiimann that the contraction did 
not occur after adrenalectomy can be explained by interference with the splenic 
nerves in carrying out adrenalectomy. Moreover, they give several illustrations that 
noradrenaline caused inhibition of the intestine whereas clamping the carotid 
arteries did not. 


SUMMARY 


1. When insulin is injected in sufficient amount, the activity (adrenaline and 
noradrenaline) present in the suprarenal medulla declines. We have followed the 
course of the fall in rats, and have found that the fall is evident after two hours 
and progresses to a minimum at eight hours after which the amount of active 
materia] begins to increase. 

2. After the injection of insulin there is also a fall in the percentage of adrenaline 
present in the gland. The fall is not parallel to the fall in total activity but is 
first seen after six hours and is still present at eight and twelve hours. 

3. The evidence indicates that noradrenaline is a precursor of adrenaline and 
that, after several hours’ depletion of the suprarenal medulla, the supply of nor- 
adrenaline is restored more rapidly than it can be methylated to form adrenaline. 


This work was done while one of us (R.H.O.P.) was holding a grant from the 
\Viedical Research Council. 
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THE SYNTHESIS OF METHONIUM COMPOUNDS, 
THEIR ISOLATION FROM URINE, AND THEIR 
PHOTOMETRIC DETERMINATION 


BY 
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(Received April 25, 1950) 


In consequence of the observation made by W. D. M. Paton that octamethylene- 
bistrimethylammonium chloride is remarkably effective in causing neuromuscular 
block, a number of simple bisquaternary ammonium salts have been synthesized. 
They are all polymethylene bistrimethylammonium di-iodides of the general type 
I{(CH;);N.(CH.),, N(CH;),]f where is 2-13 and 18. 

Investigations on the pharmacological actions of these compounds have already 
been published (Paton and Zaimis, 1948a, b; 1949). They will be referred to in 
this paper as ““ methonium ” compounds, a name which has been approved by the 
British Pharmacopoeia Commission (e.g. “‘decamethonium di-iodide,” ‘ hexa- 
methonium di-iodide”’ etc.). This series has also been independently studied by 
Barlow and Ing (1948a, b). 

The purpose of this paper is to present: (a) a method of synthesis of the methonium 
di-iodides and their characterization, (6) a method of their isolation from urine, and 
(c) a photometric procedure for their determination in urine. 


General method for the synthesis of the methonium di-iodides 


A solution of the appropriate diamine dihydrochloride (1 mol.) and sodium hydroxide 
(9 mol.) in methyl alcohol was boiled under reflux with methyl iodide (9 mol.) for 4 hours. 
The neutral solution was filtered from sodium chloride and evaporated to dryness. The 
residue was treated with boiling acetone to dissolve the sodium iodide and the insoluble 
residue collected and washed with cold acetone. The di-iodide was then crystallized from 
methyl or ethyl alcohol with separation from traces of sodium chloride if still present. 

The diamines (with the exception of ethylenediamine, propylenediamine, and octadeca- 
methylenediamine which were already available) were prepared by reduction of the appro- 
priate nitriles with sodium and dry ethanol (Mendius method). The diamines were isolated 
as dihydrochlorides. Their melting points are collected in Table | with the analyses where 
they are new or where their melting points differ from those given in the literature. 

The methonium di-iodides are white crystalline solids, not markedly hygroscopic, very 
soluble in water, forming neutral solutions; soluble in warm methyl and ethyl alcohol bu‘ 
less so in cold, insoluble in acetone. They are stable in aqueous solution and can be sterilizec 
by heat. 

If saturated aqueous sodium picrate solution is added to solutions of the methoniun 
di-iodides, methonium dipicrates are precipitated as sparingly soluble crystalline salts. 


*With a Medical Research Council grant. Present address: Department of Pharmacology, 17 
Bloomsbury Square, London, W.C.1. 
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TABLE I 
POLYMETHYLENE DIAMINES DIHYDROCHLORIDES, HCl, H,N.(CH,)n.NH2, HCl 





Analyses 





| 
Compound / on m.p. | m.p.(lit.) | Found | Calculated 





| | : H | C H 





fetramethylenediamine .. 4 | 298° (dec.) | 290° (dec.)' | 
| | > 290°2 | | 
Pentamethylenediamine .. | 5 | 248° 225-230°2 
| | 242-243°3 | 
| aa | 
Hexamethylenediamine 6 | 247-248° 248°5,6 
Heptamethylenediamine . . 7 | 279-280° 250° (dec.)*® 41.1 10 41.4 9.8 
Octamethylenediamine .. 8 282° 284° (dec.)’ 
272-274°8 
Enneamethylenediamine .. | 9 305-306° Not recorded® 46.2 10.6 46.5 10.4 
Decamethylenediamine .. | 10 307—308° 309-310°? 
Undecamethylenediamine | 11 310° (dec.) | 254-255°1° 50.4 11.1 50.9 10.8 
Dodecamethylenediamine 12 314-316° 250°! 52.5 11.3 52.8 11.1 
lridecamethylenediamine 13 320° (dec.) | 54.3 11.5 32 WSs 





! Naegeli and Lendorff (1932); 2 Yoshimura (1910); 3 Meisenheimer (1921); 4 Kanewskaja (1927); 5 Curtius and Clemm 
(1900); ®v. Braun and Miiller (1905); 7 Kumagai ef a/. (1929); 8 Steller (1900); 9 Solonina (1897); 1° vy. Braun and Dan- 
ziger (1912); #4 v. Braun (1909). 


The melting points of the di-iodides and dipicrates are collected in Table II together 
with the analyses of the di-iodides. 


Isolation of methonium salts from urine 


From biological tests made with urine excreted after the intravenous administra- 
tion of methonium compounds in man and animals, evidence was obtained that 
the urine possessed marked biological activity. It was, therefore, of interest to 
nvestigate the nature of the compound or compounds excreted. 

The method used for the isolation of the excreted compound consisted in the 
ireatment of the urine with ammonium reineckate solution, removal of the reineckate 
recipitate by filtration, and subsequent double decomposition with the isolation 
f a methonium salt, easily identified by its melting point. Fortunately normal 
rine constituents do not interfere with the method. Human urine gives no preci- 
itate with ammonium reineckate. Creatinine reineckate may separate from cat 
rine, but as it is relatively water-soluble it may be removed by washing. Rabbit 
rine, if left for more than half an hour with ammonium reineckate, may give a 
‘ark precipitate which is not soluble in acetone. 


Procedure.—Pairs of rabbits were kept in metabolism cages. Hexamethonium di-iodide 
50 mg.) was injected intravenously and the excreted urine was collected over a period of 
+ hours after the injection. 

The urine collected in each experiment from four animals was filtered and treated with 
«cess of saturated ammonium reineckate solution. (The saturated solution was made by 
\irring 80 g. of ammonium reineckate with 1,000 ml. of water for 3 hours and then filtering. 
he saturated solution should be stored in the refrigerator.) The urine thus treated was 
lowed to stand for half an hour with occasional shaking. A precipitate was formed 
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nich was filtered by suction through a sintered glass funnel (No. 3), covered with a 3 mm. 
layer of celite (SI9A). Any excess of ammonium reineckate was removed by washing 
the precipitate with distilled water. Without removal from the funnel, the precipitate, 
while still slightly damp, was covered with acetone and left for several minutes for solution 
to be effected and stirred with a rod if necessary. The reddish-pink acetone solution was 
filtered into a clean Buchner flask and fresh amounts of acetone added to the celite layer 
until the filtrate was colourless. To the coloured solution a slight excess of a saturated 
aqueous solution of silver sulphate was added and the silver reineckate precipitate was 
removed by filtration. To the filtrate, barium iodide (a 4 per cent (w/v) solution) was 
added dropwise, the precipitate formed being shaken thoroughly after every few drops. 
lhe flask and the contents were kept warm during the simultaneous precipitation of barium 
sulphate and silver iodide. Great care was taken to avoid any excess of barium iodide 
solution. When precipitation of the sulphate was complete the mixture was filtered and 
the filtrate evaporated to dryness under reduced pressure. Any trace of water was removed 
from the residue by two additions of a few ml. of methyl alcohol and evaporation to dryness 
under reduced pressure. Finally the portion soluble in methyl alcohol was recovered by 
evaporation of the solution to dryness under reduced pressure and treated in one of the 
two following ways: 

(i) If the crude residue was dissolved in 2-3 ml. of boiling methyl alcohol a crystalline 
di-iodide separated on cooling. After recrystallization from methyl alcohol colourless 
crystals were obtained melting at 275°; yield 64 mg. 

(ii) When the crude residue in 1 ml. of water was mixed with 3.5 ml. of saturated 
sodium picrate solution a precipitate was formed. The picrate crystallized from water as 
yellow needles melting at 233°; yield 100 mg. 

Examination of the mother liquors of the picrate failed to reveal any other substance. 
A similar result was obtained in six experiments with rabbits, in one experiment with a 
pair of cats, and in one experiment with eight rats. The cats received the same dose of 
hexamethonium di-iodide as the rabbits, but the rats received only 10 mg. each. All the 
injections were given intravenously. The substances isolated have all the characteristics 
of hexamethonium di-iodide or hexamethonium dipicrate according to the method 
used. 

To find the percentage loss in the process of isolation, known amounts of hexamethonium 
were added to normal rabbit urine and subsequently isolated by the above method. The 
‘covery as picrate was about 55 per cent. Apparently about 60 per cent of the injected 
ompound is excreted in the urine unchanged during the first 24 hours after the injection. 


The fact that no metabolite has been found in the urine does not necessarily 
idicate that all the injected material is excreted unchanged. Possibly some small 
‘rcentage of the compound is changed in the body, but no evidence of a possible 
‘methylation was found. Detoxication appears to depend on renal excretion and 
is may extend over more than one day, since evidence was obtained that the second 
ay’s urine contained about 10 per cent of the amount injected. 

Details of the rate of the excretion of these compounds in man and animals will 
‘ published at a later date. 


r 


Photometric estimation of methonium salts in urine 


It has been shown in the previous chemical process of isolation that methonium 
is can be precipitated as methonium reineckates, [(CH;);N(CH:), N(CHs)s], 
NH;)2Cr(SCN), ; these salts are insoluble in water and give a reddish-pink colour 

solution in acetone. The intensity of colour produced is proportional to the 
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methonium ions. It was thought that this colour reaction might be useful for 
their estimation in urine and a photometric procedure has been worked out for 
this purpose. 


Procedure.—The 24 hours’ filtered urine from animals (rabbits, cats, or rats) which hac 
received hexamethonium di-iodide intravenously was treated with saturated ammoniun 
reineckate solution and the precipitate dissolved in acetone in the manner already described 
Great care must be taken that all traces of ammonium reineckate solution are thoroughi; 
removed and that the coloured acetone solution is really clear. This can be achieved, ii 
necessary, by refiltering the acetone solution through a clean sintered glass funnel covered 
again with a layer of celite. 

The coloured acetone solution was transferred to a graduated cylinder, measured, and 
the optical densities read using a Chance green (OG,) filter and a Hilger Biochem Absorptio 
meter. The colour is stable for several hours and its intensity is unaffected by a smal! 
percentage of water. The maximum absorption occurs at 525 mu. 

The concentration of hexamethonium reineckate was determined by inspection of a 
previously constructed standard curve. In order to obtain such a curve a known amount 
of hexamethonium di-iodide was dissolved in the urine of the appropriate animal and the 
solution treated in the manner described above. Finally, the acetone solution of the 
reineckate was transferred to a graduated cylinder and sufficient acetone added to make 
a final solution containing 1.5 mg. hexamethonium reineckate in 1 ml. of acetone. From 
this standard solution different dilutions were made and the corresponding densities deter- 
mined and plotted against the equivalent mg. per ml. acetone. As is indicated in Fig. | 
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In using such a standard curve it is important to remember that there are always factors 
apart from concentration which influence the final colour density. It is advisable that 
the determination of an unknown solution should be carried out under the same conditions 
as the standard and the calibration curve of the standard should be made with the urine 
of the same animal. 

The limitation of the photoelectric determination is that more than 10 mg. of methonium 
salt must be present in the urine for an adequate determination. This consideration 
makes the technique suitable for the determination of hexamethonium and pentamethonium 
salts excreted in human urine but not for the excretion of decamethonium salts where the 
total dose injected does not usually exceed 3 to 5 mg. 

It seemed desirable to investigate possible extensions of the method to other substances. 
Experiments of a purely preliminary character showed the possibility of estimating sub- 
stances like d-tubocurarine chloride, flaxedil |tri-(diethylaminoethoxy)-benzene triethyl 
iodide’, quinine, and tetraethylammonium iodide. It appears from these experiments 
that the method may have applications to other basic compounds which are precipitated 
with ammonium reineckate. 


Accuracy of method 

Several experiments were carried out to test the accuracy of the method. In 
these experiments standard curves were constructed on different days. The results 
were analysed statistically. Table IIl shows the analysis of variance for hexa- 
methonium di-iodide dissolved in water. 











TABLE III 
Degrees of Sum of Mean Variance Pp 
freedom squares square ratio 

Between doses ..  .. 5 | 1.6697 | 0.33394 327.1 <0.001 
Linearity .. - - l 1.6643 1.6643 1,630.1 <0.001 
Departures ne a 4 0.0054 0.00135 1.32 >0.05 
Within doses fa e. 24 0.0245 0.001021 

: ee ee ae, | re nd. Rae Se: | 

Total... 29 1.6942 | 





The error introduced into an estimate of potency of an unknown solution cal- 
ulated by reference to a standard curve is derived from two sources: (i) the error 
of estimation in a single observation, the order of which is given by the “ within 
‘oses ” term of the above analysis, i.e. a variance of 0.001 or a standard deviation 
f approximately 5 per cent; (ii) the error in the determination of the slope of the 
tandard curve. The analysis shows, however, that the ratio of variance due to 
parture from linearity to variance attributable to linearity is so very small that 
‘ror due to this factor can be neglected. 

Analyses were made for determinations with the compound dissolved in human 
‘ine (Fig. 1) and in cat and rabbit urine, with similar results. There were no 
snificant differences between the slopes of the three standard curves for the drug 
ssolved in urine, but it should be noted that the standard curve for the compound 
ssolved in water is less steep. 

The soundness of the method was checked by parallel biological tests and 
emical determinations. The results were consistent and in good agreement. 
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SUMMARY 


1. A general method of preparing a series of polymethylene bisquaternar 
ammonium di-iodides having 2-13 and 18 methylene groups is described. They ar 
methonium ” compounds. 


es 


referred to as 


2. After intravenous injection of a methonium salt in rabbits, cats, and rats th 
unchanged compound was isolated from the urine. 


3. A photoelectric method is described for the estimation of methoniun 
compounds in urine. The photoelectric determination depends on the precipitation 
of the methonium ions as reineckates and estimation of these reineckates in aceton 
solution. 


My gratitude is due to Dr. Harold King for all the valuable advice and kind encourage- 
ment which I have received throughout this work. My thanks are due also to Dr. W. L. M. 
Perry for the statistical analyses and to Mr. V. Wright for his skilled assistance. 
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The occurrence of noradrenaline in mammalian tissues first demonstrated by 
v. Euler is now well established. Evidence has also been obtained that in the 
suprarena! gland noradrenaline is converted to adrenaline. Biilbring (1949) has 
shown that methylation occurs in minced suprarenal tissue in the presence of adeno- 
sine triphosphate and that the conversion is greatest after stimulation of the splanchnic 
nerve. Biilbring and Burn (1949b) have shown that a similar conversion takes place 
in the perfused suprarenal gland. Burn, Hutcheon, and Parker (1950) have found 
that when the suprarenal glands are first depleted by hypoglycaemia, the proportion 
of adrenaline to noradrenaline in the recovery period falls below that in the normal 
glands. 

The evidence of the occurrence and fate of noradrenaline raises the question of 
how the compound is formed. Various pathways require consideration. One of 
these is discussed in this paper: the enzymic decarboxylation of 3: 4-dihydroxy- 
phenylserine (which may be regarded as noradrenaline carboxylic acid) in mammalian 
issue extract. The enzymic decarboxylation of this amino-acid by a preparation 
rom Streptococcus faecalis R has already been described (Blaschko, Holton, and 

vane Stanley, 1948). In this work it was shown that in the decarboxylation 

action laevo-rotatory noradrenaline was formed; this is the isomer that occurs in 

tie body. A few experiments with mammalian tissue extracts were also described, 
which no formation of carbon dioxide was observed; no tests for pressor activity 
‘re carried out on this material. Beyer (1950), working with another specimen of 
nydroxyphenylserine, found a formation of CO, and of a pressor agent on incubation 
th similar extracts, and it seemed therefore advisable to re-examine the question 
iether noradrenaline can be formed from dihydroxyphenylserine by mammalian 
tracts. 


MATERIAL AND METHODS 


Two specimens of dihydroxyphenylserine were examined. The first was a sample of 
material prepared by Dalgliesh and Mann (1947) which had already been used for the 
eriments with the bacterial enzyme, the other was a sample obtained from Messrs. 
ffman La Roche in Bale which had been used in experiments by Guggenheim (1940). 
iddition, a few experiments were carried out with N-methyl-3: 4-dihydroxyphenylserine 
enaline carboxylic acid), a compound first described by Dalgliesh and Mann (1947). 
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The tissue extracts were made by grinding the fresh organs (kidney and liver) wit 
sand and adding | ml. of 0.066 M-sodium phosphate buffer of pH = 7.4 for each g. «/ 
tissue. The extracts were centrifuged for about five minutes, and the supernatant wis 
used. The incubation of the extracts with the amino- (or methylamino-) acid was carrie. 
out in conical manometer flasks at 37.5° C. and in an atmosphere of nitrogen. The flasks 
were set up with the extract in the main compartment and the amino-acid in the side arm. 
The reaction was begun by mixing the contents after a period of about fifteen minutes for 
temperature equilibration. The decarboxylating activity was checked by making parallel! 
experiments with the same amount of tissue extract, but with L-DOPA as a substrate : 
in these experiments with DOPA, the retention of CO, by the extracts was determined by 
acidifying with sulphuric acid as previously described (Blaschko, 1942). The figures for 
CO, formed, which are given in the experimental part of this paper, are corrected for 
this retention. 

At the end of the period of incubation the flasks were removed and the contents were 
immediately acidified by adding an equal volume of 0.1 N-HCl, heated in boiling water for 
two minutes, cooled and centrifuged. The supernatant was then stored in a refrigerator 
at —15° C. until used for the test for pressor activity. 

These tests were carried out on the spinal cat; the arterial blood pressure and, in most 
experiments, the contractions of the nictitating membrane were recorded. 


RESULTS 
Experiments with dihydroxyphenylserine 


The manometric experiments showed that gas was slowly evolved after dihydroxy- 
phenylserine had been added to extracts of guinea-pig kidney under anaerobic 
conditions, indicating that carbon dioxide was formed. A slow but smaller evolu- 
tion of CO, was also seen in the control flask containing the extract alone, without 
any amino-acid added. Table I gives the amounts of carbon dioxide evolved in 
both the control and experimental vessels in each of these experiments, nine in all. 


TABLE | 
DECARBOXYLATION OF DIHYDROXYPHENYLSERINE BY EXTRACT OF GUINEA-PIG’S KIDNEY 


In experiments 3a and 4a the amino-acid prepared by Guggenheim was used. 





ul. CO, formed 


Difference 
experimental 
minus 

control Expected 


Time of Experi- pg. /-noradrenaline 
incubation ee mental 


in min. 


Exp. 
No. 


Found 


300 45 42 317 266 
97 45 340 322 
54 as 332 324 
— - -- --- 165 
18 43 324 320 
18 34 256 240 
83 66 498 264 
49 30 226 209 
30 43 324 275 
28 49 | 370 143 
49 37 279 252 
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It will be seen that in every experiment the vessel which contained the amino-acid 
hid a higher rate of CO, formation than the control vessel. This observation 
strongly suggested that a decarboxylation of dihydroxyphenylserine was occurring 
at a slow rate during the incubation period. 

This was proved when the reaction mixture was injected intravenously into the 
spinal cat preparation. The contents of the manometer flasks, control as well as 
experimental, were treated as described under Methods; the solutions were used 
suitably diluted with saline. Injection of the control fluids, extracts incubated 
without added amino-acid, caused no significant change of the arterial blood pressure, 
but the injection of samples from flasks in which dihydroxyphenylserine had been 
incubated with the extracts was invariably followed by a rise in blood pressure. 
Injection of an aqueous solution of the amino-acid, incubated under exactly the 
same conditions as the experimental samples, was without effect on the arterial 
blood pressure. 


ft 
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:. 1.—Spinalcat. Blood pressure. Extract of guinea-pig kidney incubated with dihydroxyphenyl- 
serine (E) produced CO, equivalent to the simultaneous production of 324 yg. of /-noradrenaline. 
The figure shows that one-eightieth of the total amount of extract (equivalent to 4.05 ug. of 
/-noradrenaline) had a pressor activity equal to that of 8 ug. of d/-noradrenaline (d/-N), and 
greater than that of 6 wg. di-noradrenaline. 


[he blood pressure response after the injection of an experimental sample was 
* that of adrenaline or noradrenaline. This is shown in the experiment of Fig. 1, 
ere the blood pressure response to the experimental fluid was compared with 
t to dl-noradrenaline. The experimental fluid, 4.0 ml. of the incubated and acidi- 
| extract, was diluted tenfold. The figure shows that the injection of 0.5 ml. of 
diluted fluid caused a response equal to that of 8 ug. and greater than that of 
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6 wg. of di-noradrenaline. We have also calculated from the observed CO, formatio: 
the amount of noradrenaline to be expected. This was a total of 324 ug. Th 
324 « 0.5 
4» 10 4.05 Hg. I 

fact it was equal in effect to 8 ug. di-noradrenaline, and thus was twice as active 
this would be expected if /-noradrenaline were formed. 

In a similar experiment the contractions of the nictitating membrane were als: 
recorded (Fig. 2). In this preparation the injection of 10 ug. of /-adrenaline causec 


amount of amine injected was therefore expected to be 


wan ean 
\ \ \ 
UN 
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Fic. 2.—Spinal cat with normal nictitat- Fic. 3.—Spinal cat with normal nictitating ‘mem- 
ing membrane above. (a) Injection brane (above), denervated nictitating mem- 
of kidney extract incubated with brane (in middle), blood pressure (below). 
dihydroxyphenylserine. (4) Injec- 1 c.c. E is extract incubated with dihydroxy- 
tion of 10 yg. /-adrenaline. (c) In- phenylserine and diluted 5 times. Its effect 
jection of 20 yg. d/-noradrenaline ; on all three records is similar to that of 10 ug 
note the similarity of (a) and (c) /-noradrenaline and unlike that of 10 pg. 
and the difference from (4). /-adrenaline on the normal nictitating mem- 

brane. 1 c.c. C is control extract incubated 
without amino-acid. It had no effect. 


not only a blood pressure rise but also a contraction of the nictitating membran: 
Injections of the experimental fluid as well as of d/-noradrenaline gave similar bloo 
pressure responses, but they had a very slight effect on the nictitating membrane. 

Biilbring and Burn (1949a) have shown that after denervation the sensitivity « 
the nictitating membrane to noradrenaline is increased. We have therefore al: 
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xamined the action of the ‘ncubated extract on the denervated nictitating membrane. 
n the experiment of Fig. 3 the contractions of the normal and the denervated 
ictitating membranes and the arterial blood pressure are recorded. The figure 
hows that the effect of the substance formed during incubation was noradrenaline- 
ike in that it caused no contraction of the normal membrane, whereas it had a 
narked effect on the denervated organ. An approximately equipressor dose of 
idrenaline was followed by a contraction of both the normal and the denervated 
membranes. The control extract incubated without addition of the amino-acid 
had no effect. 

In nine of the eleven experiments in which the biological assay was carried out, 
the amino-acid prepared by Dalgliesh and Mann (1947) was used; in one experiment 
with the specimen studied by Guggenheim (1940) the result was essentially the 
same: carbon dioxide was formed on incubation and the pressor action observed 
indicated that the amine formed was also /aevo-noradrenaline. This shows that 
the two preparations of dihydroxyphenylserine had the same steric configuration. 

It is known that the kidney of the guinea-pig is an organ particularly rich in 
t-DOPA decarboxylase (Holtz, Heise, and Liidtke, 1938). It was for this reason 
that our experiments were chiefly done with extracts of this organ, but we have also 
used some extracts from other tissues. These are summarized in Table II. There 


TABLE II 


EXPERIMENTS WITH OTHER TISSUES 





Time of pl. CO, pg. noradrenaline 
Tissue incubation ———_—_—______—— —_—— 
min. Control Experimental Difference Expected Found 


Guinea-pig liver 240 | 104 140 36 272 
Guinea-pig liver 240 27 6 —21 — 
Dog liver és 225 120 157 37 
Dog liver as 300 46 48 2 
Dog liver a 115 —12 | +10 22 
Dog liver vs 240 0 1] 11 
Dog kidney .. 275 51 57 6 
Dog kidney .. 63 10 8 —2 
Dog small intest. 240 4 9 — 


LET TELLERS 
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are two experiments with extracts from guinea-pig’s liver. In both these experiments 
i test on the spinal cat was carried out and it was established that a pressor substance 
iad been formed during incubation. There was, however, no agreement between 
the amount of CO, formed and the pressor activity. If we assume that L-DOPA 
jecarboxylase is responsible for the decarboxylation reaction this is not difficult to 
inderstand, for it is known that in the guinea-pig the enzymic activity of the liver 
s much less than that of the kidney. In the dog, where enzymic activity is altogether 
very low, the liver is more active, weight by weight, than the kidney. This is borne 
yut by our observations: with dog liver extracts we observed a small CO, formation 
1 3 out of 4 experiments, whereas in two experiments with dog kidney extracts no 
ignificant evolution of CO, was observed. 
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Experiments with N-methyldihydroxyphenylserine 


This substance was first prepared by Dalgliesh and Mann (1947); in contrast to the 
corresponding amino-acid this methylamino-acid is not decarboxylated by acetone- 
dried preparations of Streptococcus faecalis R (Sloane Stanley, unpublished). 


In three experiments with guinea-pig’s kidney extracts we found no evidence of 


decarboxylation. In three experiments, the amounts of CO, formed during incuba- 
tion were 27, 27, and 10 ul. respectively, but in the third of these experiments an 
aqueous solution of the compound, incubated under the same conditions as the 
compound and extract, also gave 10 »#]. CO, in 5 hr. Tests showed that there was 
the same pressor activity after incubation with and without extract. Expressed 
in terms of adrenaline, the pressor activity corresponded to about 3 per cent of the 
amount of adrenaline carboxylic acid added. A sample of the substance, examined 
without incubation, was found to have a pressor activity corresponding to a content 
of about 0.9 per cent of adrenaline. 


DISCUSSION 


The experiments described in this paper show that a slow formation of /aevo- 
noradrenaline from dihydroxyphenylserine occurs when the amino-acid is incubated 
with extracts of guinea-pig’s kidney and liver under anaerobic conditions. These 
two tissues contain L-DOPA decarboxylase, and it is therefore possible that one 
and the same enzyme is responsible for the decarboxylation of both DOPA and 
dihydroxyphenylserine. The rate of the reaction with L-DOPA is much greater, 
and it is for that reason that the decarboxylation of the serine derivative was not 
noticed in earlier experiments (Blaschko, Holton, and Sloane Stanley, 1948); the 
amounts of tissue extract then used were too small, and the time of incubation too 
short, for a significant amount of CO, to be formed. Moreover, no tests for pressor 
activity were carried out. Tests of this kind were made of the amine produced from 
dihydroxyphenylserine by the decarboxylase of Streptococcus faecalis R, and the 
quantitative evaluation showed that the amine formed was laevorotatory nor- 
adrenaline. The present experiments indicate that the product of the reaction 
studied is also /-noradrenaline. In view of the relatively large CO. formation in 
the enzyme blanks, and of the inaccuracy inherent in the determination of the CO, 
retention, the accuracy of the CO, measurement is not very high, but it is sufficient 
to indicate that the amine formed was much more active than d/-noradrenaline. 

Beyer (1950) has recently found that another sample of dihydroxyphenylserine, 
incubated with mammalian tissue, gave rise to a pressor substance and CO,.. Too 
little material was available to establish the identity of his material with the two 
samples used in our work, but in view of our results it seems very probable that 
the product was also noradrenaline (Beyer, Blaschko, Burn, and Langemann, 1950). 

These experiments raise the question: is decarboxylation the reaction by which 
noradrenaline normally arises in the animal body? This question cannot at present 
be answered. Of the possible immediate precursors of noradrenaline three may 
be considered; they are hydroxytyramine, dihydroxyphenylserine, and p-hydroxy- 
phenylethanolamine (see formulae on page 437). 

A full discussion of the formation of noradrenaline in the animal body will only be 
possible after all these reactions have been studied. It may be mentioned that the 
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Hydroxytyramine Dihydroxyphenylserine p-Hydroxyphenylethanolamine 
HO HO 


HO€ __—CH,.CH,NH, HO@ _—CHOH.CH.NH, HO€ _)—CHOH.CH..NH, 
" | 
l 





a 
Va 
oe 


HO¢ ‘SSCHOH.CH..NH, 
YC CH,.NH, 


Noradrenaline 


third pathway, that from p-hydroxyphenylethanolamine, is of interest in view of 
the recent statement by Werle and Peschel (1949) that p-hydroxyphenylserine is 
slowly decarboxylated by tissue extracts. 


In our experiments the corresponding N-methyl amino-acid was not decarboxy- 
lated to form adrenaline. This is of interest as it shows that the serine derivatives 
conform to the general rule that methylamino-acids are not decarboxylated. It 
seems therefore unlikely that adrenaline can be formed from an immediate amino- 
acid precursor by decarboxylation. 


SUMMARY 


1. When dihydroxyphenylserine is incubated anaerobically with minced guinea- 
pig kidney, carbon dioxide is evolved and noradrenaline is formed. 

2. The formation of noradrenaline has been demonstrated in the spinal cat by 
is pressor action, by its stimulant action on the denervated nictitating membrane, 


nd by its very slight action on the normal nictitating membrane when compared 
vith adrenaline. 


3. Quantitative agreement between the amount of CO, and the amount of 
oradrenaline formed shows that only the laevorotatory stereoisomer is produced. 
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During our study of the antimalarial properties of diguanide substances related 
to proguanil (“ paludrine ”) we obtained the impression that weighting the benzene 
ring augmented activity, and accordingly many compounds were prepared in which 
disubstitution was made in the benzene ring. Dihalogen substitution (dichloro, 
dibromo, di-iodo or mixed chloro-bromo, etc.) in positions 3 and 4 proved particu- 
larly favourable for antimalarial activity, and a representative compound was 
Selected for trial in human malaria. This substance, given the laboratory number 
M5943, is N'-3 : 4-dichlorophenyl-N’-isopropyl diguanide, and has the constitution 
shown below. It will be noticed that M5943 differs from proguanil only in having 
an extra Cl] atom in position 3 of the benzene ring. 


aé ~ NH. C.NH. C NH. CH.CHs),, HCl 


Cl 


NH NH 


During the last two years trials of M5943 in human malaria have been made 
in the Liverpool School of Tropical Medicine, the Hospital for Tropical Diseases, 
London, the Malaria Research Laboratory at Horton (Epsom), and the Calcutta 
School of Tropical Medicine. It is likely that reports of these trials will appear 
shortly in the literature, and this account of the laboratory work may therefore be 
of interest. It is given in more detail than would be possible in the general survey 
which is being prepared of the antimalarial properties of all the diguanides related 
to proguanil made in these laboratories. 

M5943 is a white, crystalline powder soluble in water to the extent of about | ¢g. 
per 100 ml. It melts at 248-249° C. Solutions may be boiled without decompos'- 
tion. Its synthesis is described elsewhere (Crowther et al., 1950). 

The substance was tested against Plasmodium gallinaceum and P. relictuin 
(Algerian strain*) by methods described by Davey (1946a, b). Two main types of 
test were made against each species. One test involves the injection of sporozoites 
and is designed to demonstrate the action of a drug on exoerythrocytic forms ; the 
other involves the injection of parasitized red blood cells and is designed to demon- 
strate its action on the blood forms. Treatment was given orally unless otherwise 
stated. 








* We received this strain through the courtesy of Dr. Ann Bishop. 
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Activity against P. gallinaceum 

(i) The results of the tests against this species are given in Table I, and in Table Il 
hey are summarized and compared with results achieved with proguanil in similar 
‘ests. It will be seen that M5943 is very much more active than proguanil, in a 


TABLE I 


ACTIVITY OF M5943 AGAINST THE BLOOD FORMS AND THE EXOERYTHROCYTIC FORMS OF 
P. gallinaceum IN 6-DAY-OLD CHICKS 


Activity against exoerythrocytic forms measured after intravenous injection of sporozoites. 
(Treatment commenced 2-3 hours before the injection of sporozoites; unless otherwise 
stated it was given orally twice daily for 6 days.) 

Activity against blood forms measured after intravenous injection of approximately 50 
million parasitized red cells. (Treatment commenced 2-3 hours after infection; it was 
given orally twice daily for 34 days.) 

Cure — complete prevention of infection. Relapse = marked inhibitory effect on the 
course of the infection. Delayed death > slight inhibitory effect on the course of the 
infection. 





Activity against exoerythrocytic forms Activity against blood forms 


Ratio of mean number of para- 

sitized corpuscles among 500 

examined in treated group to 

mean number in control group. 

Readings made on the Sth day 
of infection 


Delayed, No 


Dose Toxicity | Cures Relapses “Gaath | action 


mg./50 g. 





0.5 Lethal for 
(once daily many chicks 





0.4 Lethal for 
many chicks 


0.3 Lethal for 
some chicks 


5.6 379.6 (3 expts., 18 birds) 


18.3/385.8 (5 expts., 30 birds) 








55.8/380.5 (5 expts., 30 birds) 





344.6/366.6 (3 expts., 18 birds) 





TABLE II 
COMPARISON OF M5943 AND PROGUANIL IN P. gallinaceum INFECTIONS 





| Tested against blood 


Tested against exoerythrocytic forms forms 





Protective dose Minimum effective dose Minimum effective dose 
mg./50 g mg /50 g. mg./50 g. 
«ui «wtt!lOS | circa 0.025 0.05-0.1 
roguanil .. se 2-3 circa 0 25 0.25 
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weight for weight comparison, against both the blood forms and the exoerythrocytic 
forms of P. gallinaceum. 

Unfortunately, the greater activity of M5943, as compared with proguanil, against 
P. gallinaceum is accompanied by a much increased toxicity for chicks. The 
augmented toxicity has meant that experiments designed to cure completely an 
established infection are as difficult to execute satisfactorily with M5943 as they 
were with proguanil (see Davey, 1946b). The earlier experiments with proguanil 
showed that the longer treatment was delayed after the injection of sporozoites the 
more difficult it became to cure the infection. In respect of cure, a blood-induced 
infection behaved immediately like a well-established sporozoite-induced infection. 
We wondered if cure of established infections would have resulted had we been able 
to increase the dose of proguanil. The point is of importance in determining if any 
major difference exists between early and late exoerythrocytic forms, and unfor- 
tunately the properties of M5943 have again precluded settling it. As with proguanil, 
the minimum dose necessary for complete eradication of an early established sporo- 
zoite infection is also toxic for some chicks, and by itself it is not sufficient to cure 
well-established infections. We have tried varying the scheme of treatment in many 
ways in an effort to use bigger. doses of M5943, but all our attempts to cure well- 
established infections have failed. 

(ii) In the general assessment of the antimalarial activity of a substance much 
importance is attached to the results of a test in which treatment is given intra- 
venously (see Davey, 1946a). The treatment is given on three days only (on Tuesday, 
Wednesday, and Thursday to chicks infected in the usual way on Monday). In this 
test the minimum effective dose of M5943, that is the approximate minimal dose 


keeping the parasite level uniformly low, is 0.1 mg./50 g., which makes it about six 
times as active as proguanil. 


Activity against P. relictum 

(i) The results obtained in a test against the parasites of the red blood corpuscles 
are given in Table III. The minimum effective dose in this test is 0.05—0.1 mg./20 g., 
which means that M5943 is much more active than proguanil against P. relictum 
also. 


TABLE Ill 
ACTIVITY OF M5943 AGAINST P. relictum 
(Canaries infected intravenously with parasitized blood; oral treatment twice daily x 44, 
commencing 2-3 hours after infection; readings quoted as parasites per oil immersion field.) 





Dose Days of test (infection on day 1) 


mg./20 g. —- - 
Sth 7th 


Controls .._.. 101-20/1 2/1-25/1 
01 .. | 110-11 ~1/25-1/1 0/50-1/5 


‘110-5/1  ~—«:0/50-10/1 
~ 20/1-30/1 


“5130/1 
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(ii) For the test against exoerythrocytic forms sporozoites were obtained from 
infected Culex molestus and injected intravenously into canaries. Treatment com- 
menced two to three hours afterwards and continued twice daily on each of the next 
four days. Blood smears were taken from the control birds daily from the sixth day 
onwards. When they exhibited parasites smears were taken daily from the treated 
birds. The results are summarized in Table IV. Only the results from birds which 
survived sufficiently long for cure to be reasonably well assessed (30 days or longer 
from the time of infection) are included in the Table. Cures were confirmed by 
subinoculation. 

TABLE IV 


EFFECT OF M5943 AGAINST A S POROZOITE-INDUCED INFECTION OF P. relictum IN CANARIES 
(C = complete protection, R = delay in the appearance of parasites.) 





Dose (mg. 20 g.) 0.5 0.25 0.1 0.05 0.025 





Result ui SC 6c 5C4R 2C4R 3R 





It will be apparent that M5943 has a marked action on the exoerythrocytic forms 
of this strain of P. relictum (proguanil, at maximum tolerated doses, caused no more 
than a delay before the appearance of parasites in the red blood corpuscles). It will 
also be apparent that because canaries tolerated M5943 better than chicks we have 
been able to give them proportionately greater amounts. 

(iii) Canaries with a well-established infection of P. relictum were treated with 
M5943, orally twice daily, with doses of varying magnitude. Those receiving 
| mg./20 g. died after four to seven days’ treatment, two of three survived 0.75 mg. 
twice daily for eight days, and three of three survived similar treatment with 0.5 mg. 
All the survivors, when tested by subinoculation, were shown still to harbour 
parasites. In other words the better tolerance of canaries for M5943 has allowed 
us to determine (as we were unable to in chicks) whether doses greater than the 
minimum giving complete protection against a newly established sporozoite infection 
would cure an established one, and we have shown that they fail. We still do not 
know the reason for this. 


Toxicity in laboratory animals 


Mice and rats.—In mice and rats M5943 is about equally as toxic as proguanil. 
ligures for the toxicity in mice are given in Table V. 


TABLE V 
TOXICITY OF M5943 IN MICE 





Approximate LDSO values (mg./kg.) 








D : si ecm 
— Acute test | Chronic test 
Oral | i.v. i.p. | Oral, twice daily X 5 
15943, a 100-150 25 25 25-35 
oguanil 50-100 20-25 20-25 25 
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The toxicity experiments in rats were arranged to show the effect of M5943 on 
the growth of newly weaned rats. The results were almost identical with those 
previously obtained with proguanil. Sixty mg./kg. (all doses were given orally once 
daily) caused deaths ; 50 mg./kg. caused an immediate deviation from the normal 
growth curve and produced scattered deaths ; 40 mg./kg. caused a slight deviation 
from the normal curve and 30 mg./kg. had no apparent effect. Some of the rats 
receiving 60 mg./kg. and others receiving 50 mg./kg. were killed after they had 
been treated for 20 days, and subjected to pathological examination by Dr. J. R. M. 
Innes. Liver, spleen, intestine, kidneys, adrenals, lungs, heart, and pancreas were 
examined. No macroscopic or microscopic abnormalities were observed. 


Chicks.—M5943 is about seven times as toxic to chicks as proguanil when it is 
given orally, twice daily, for four or five days. A dose of 0.5 mg. to six-day-old 
50 g. chicks, administered in this way, kills the majority of chicks 1—S days after 
the cessation of treatment. Estimations of the concentration of M5943 in the whole 
blood of chicks receiving the treatment showed (a) that the peak concentration after 
the first dose rises to just over | mg./litre ; (b) that a residue remains which is built 
upon for the next three doses until a steady state is reached when the concentration 
of the residue is of the order of 1.5 mg./litre ; and (c) that after the ninth dose, peak 
concentrations superimposed on the residue from the eighth dose reach 3 to 
4 mg./litre. 

Dogs.—Two dogs were given 10 mg./kg. orally twice daily for five days. One 
died the day after treatment stopped, the other a day later. Both passed liquid 
blood-stained faeces on the day before death occurred. A post-mortem examina- 


tion was made by Dr. J. R. M. Innes and Mr. H. B. Parry, who found that a hyper- 
acute haemorrhagic catarrhal inflammation of the mucosa existed from end to end 
of the alimentary system except in the fundic end of the stomach and the oesophagus. 
They examined the rest of the organs macroscopically and microscopically, but con- 
sidered that the only pathological condition of importance was the acute haemorrhagic 
gastro-enteritis. 


Monkeys.—Several monkeys have bzen given M5943. Details are as follows: 


A female mona monkey, weight 1.6 mg., was given 2 mg./kg. twice daily for two 
days ; then, after a rest of two days, for a further five days, and, after another rest of 
two days, again for another five days. She gained 200 g. during the experiment and 
never exhibited symptoms of intoxication of any kind. Three years have passed since the 
experiment was completed and this monkey is still perfectly fit. 


A male mona, weight 1.2 kg., was given 5 mg./kg. once daily for five days, without 
observable effect. The treatment was then increased to 5 mg./kg. twice daily (12 doses 
given thus: twice daily x4, rest x2, twice daily x2), then to 10 mg./kg. (20 doses 
given thus: twice daily x3, rest x2, twice daily x5, rest x2, twice daily x2), then to 
15 mg./kg. Until the dose of 15 mg./kg. was reached the monkey tolerated the treat- 
ment well, but after the second dose of 15 mg./kg. it became obviously ill and treatment 
was discontinued after the fourth dose. The animal made an uneventful recovery. 

A male rhesus, weight 2.3 kg., was given 5 mg./kg. twice daily (70 doses given thus: 
twice daily x5, rest x2, twice daily x 5, rest x2, etc., for seven weeks). The monkey 
weighed 2.4 kg. at the end of the experiment. No noticeable symptoms were caused by 
the treatment. 
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A female rhesus, weight 2 kg., was given 10 mg./kg. twice daily (30 doses thus: twice 
iily x4, rest x2, twice daily x5, rest x3, twice daily x4, rest x2, twice daily x 2). 
he monkey became very quiet and listless during the last few days’ treatment, and died 
vo days after the last dose. 


Cats.—In its effect on the respiration and blood pressure of cats anaesthetized 
vith chloralose M5943 does not differ significantly from proguanil (Raventos, private 
ommunication),. 


DISCUSSION — 


From the viewpoint of malarial chemotherapy the most outstanding property of 
M5943 is its potent action against exoerythrocytic forms. Most authorities agree now 
that the radical cure and causal prophylaxis of vivax (benign tertian) malaria are 
bound up with the chemotherapy of exoerythrocytic forms, and so it is the success 
of M5943 in meeting these purposes that will be of most interest. Of course, the 
very considerable activity of the substance against blood forms may also lead to 
results of value. 

All in all, however, we have to admit we are not optimistic that M5943 will 
achieve anything not already achieved by proguanil. We are led to this view for 
two reasons. In the first place the greatly increased antimalarial activity exhibited 
by M5943 is unfortunately accompanied by a much increased general toxicity. 
Secondly, the antimalarial action of M5943 is probably the same, fundamentally, as 
that of proguanil ; we know, for example, that a strain of P. gallinaceum resistant 
to proguanil is also resistant to M5943. It would seem, therefore, that M5943 
may be fairly described as a more active, more toxic proguanil. 

It would, however, be foolish to attempt to forecast too precisely the future for 
M5943. The parasites of human malaria might be extremely susceptible to it ; the 
human host might have a surprising tolerance for it, or some unusual distribution 
might give it properties of value. So much could conceivably happen that we asked 
tor M5943 to be tried in human malaria, and tried particularly, at doses as high as 
possible, in curative experiments against vivax malaria. We suggested that the first 
trials should be made with treatment at 10 mg. per adult (roughly 0.2 mg./kg.) twice 
daily which is at least one tenth of the amount given to monkeys without observable 
-ffect. In arriving at this dose we ignored the fact that M5943 and proguanil are 
ibout equally toxic in mice and rats because we have evidence that deaths in these 
animals after treatment with proguanil are not due to proguanil itself but to a 
metabolite (Butler, Davey, and Spinks, 1947). It is probable that this metabolite, 
or something very similar to it, is produced during treatment with M5943, because 
the magnitude of the toxic doses are similar to those of proguanil and so are the 
zeneral reactions. 


SUMMARY 


1. N'-3,4-dichlorophenyl-N’-isopropyl diguanide hydrochloride, referred to in 
his report as M5943, is a substance much more active than proguanil (“ paludrine,” 
1 N'-4 chlorophenyl-N*-isopropyl diguanide hydrochloride) against both the blood 
orms and the exoerythrocytic forms of Plasmodium gallinaceum and P. relictum. 


2. In the tests described here 0.05 to 0.1 mg./50 g. twice daily will control a 
lood infection of P. gallinaceum in six-day-old chicks, and 0.05—0.1 mg./20 g. 
vice daily will control a blood infection of P. relictum in canaries. 
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3. Doses of 0.2-0.3 mg. given twice daily to six-day-old chicks weighing approxi- 
mately 50 g., will completely protect most of them from infection when sporozoites 
of P. gallinaceum are injected intravenously if treatment commences shortly after 
infection. Similarly, doses of 0.25 mg. given twice daily to canaries weighing 20 g 
will completely protect them from infection with sporozoites of P. relictum provided 
treatment commences sufficiently early. 


4. No success was obtained when attempts were made to cure established infec 
tions of P. gallinaceum and P. relictum with M5943. 


5. Although the toxicity of M5943 in mice and rats is about the same as that o! 
proguanil, it is more toxic in other animals (chicks, dogs, and monkeys). Monkeys 
tolerate up to 5 mg./kg. of M5943 given orally twice daily. 


We are indebted for technical assistance to Miss J. Leary and Miss B. Upton. 
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ABSORPTION AND PERSISTENCE OF ANTRYCIDE 


BY 
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‘‘Antrycide”’* (I) is a powerful trypanocide developed in these laboratories by Curd 
and Davey (1949, 1950) and their associates. They found that the chloride (I, X = Cl) 
and the methylsulphate (I, X = CH,SO,) had different pharmacological properties. 
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When both salts were given subcutaneously to mice, increase in dose of the chloride 
beyond that involving administration of dispersed solid as well as solution did not 
raise the toxicity significantly, and at such doses the chloride was much less toxic 
subcutaneously or intramuscularly than the methylsulphate. There was no difference 
in toxicity after intravenous administration. When the chloride was given sub- 
cutaneously to mice in doses of 25 mg./kg. it conferred protection against subsequent 
nfection by 7. congolense for at least six weeks. The same dose given by slow 
ntravenous injection conferred protection only for a few days. In the rabbit it 
vas shown that a subcutaneous deposit of the chloride became encapsulated and 
ould be detected for several weeks after the injection. Removal of the residue 
esulted in loss of prophylactic activity. Curd and Davey (1950) thought that 
these and analogous results could be ascribed to the very different solubilities in 
vater of the chloride and methylsulphate, which are of the order of 0.1 and 30 per 
ent (w/v) respectively. They suggested that the dissolved part of the chloride was 
apidly absorbed, and that the undissolved part remained behind to form a reservoir 
rom which slow seepage into the blood stream could occur. They also suggested 
hat the prophylactic activity of the methylsulphate, which is less than that of the 
hloride, might be due to its partial] precipitation at the injection site by interaction 
vith body anions such as chloride. Persistence owing to formation of a subcutaneous 
eservoir of sparingly soluble or slowly absorbed material was first demonstrated 
y Browning and co-workers (Browning, Cohen, Cooper, Ellingworth, and Gul- 
‘ransen, 1933; Browning and Gulbransen, 1934), who were able to detect a highly 
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coloured styrylquinoline derivative at the injection site for more than a year afte 
it was administered, and to associate this phenomenon with prolonged prophylacti: 
action against trypanosomal infections. 

When Curd and Davey first made these suggestions the only analytical methox 
available was relatively insensitive, detecting about | mg. of antrycide per litre b 
direct fluorimetry (Spinks, 1950). However, it was possible to demonstrate tha 
antrycide was rapidly eliminated from the plasma after intravenous injection, and 
therefore that its prolonged prophylactic action was probably not conferred b, 
its persistence in the blood stream, unless this persistence was at a very low con- 
centration. Later a more sensitive method was developed (Spinks, 1949, 1950) 
which allowed the detailed examination of absorption and persistence. The resulis 
are described below. 


EXPERIMENTAL 


Analytical methods.—The indirect fluorimetric method (Spinks, 1949, 1950) was used 
throughout. Concentrations of antrycide are expressed in terms of the diacidic cation, 
because it is fully ionized at physiological pH and cannot be supposed to exist as a particular 
salt in body fluids or tissues. 

Animals.—Albino mice and albino or chinchilla rabbits were used. Blood samplcs 
from calves were provided by Mr. J. S. Steward, F.R.C.V.S., to whom the author’s thanks 
are extended. 

Conditions of dosing —Al\l doses of the methylsulphate and low doses of the chloride 
were given as solutions in distilled water. Higher doses of the chloride were given as 
dispersions in an aqueous solution of Dispersol OG. and Cellofas WLD. Doses of x mg. 
chloride were compared with doses of 1.32x mg. methylsulphate to compensate for the 
difference in molecular weight. 

Summary of experiments.—Doses of 0.5-10 mg./kg. of the chloride, and the molecular 
equivalent of the methylsulphate, were administered subcutaneously to rabbits, and plasma 
concentrations of antrycide were estimated at intervals using blood drawn from a margina! 
ear-vein. The desired dose for 1 kg. was contained in | ml. After doses of 10 mg./kg.. 
concentrations were estimated in some organs; animals were killed by air embolism at 
selected intervals. Doses of 5 and 10 mg./kg. were administered subcutaneously to groups 
of 6 mice, and plasma from the pooled heart blood of each group was analysed. The dose 
for 20 g. was contained in 0.2 ml. Individual calves (200-400 kg.) received 5 mg. kg. 
subcutaneously; the dose for 200 kg. was contained in 10 ml. Excretion in urine wes 
examined in rabbits that received 10 mg./kg. subcutaneously. 


RESULTS AND DISCUSSION 
1. Absorption of antrycide 


Typical plasma concentration-time curves obtained after the subcutaneous 
administration of equivalent molecular doses of the chloride (10 mg./kg.) and 
methylsulphate are shown in Fig. |. The highest concentrations given by the two 
salts were in the ratio of 1/20. Elimination was apparently rapid; in both experi- 
ments the concentration fell to a value too small to measure (0-10 yg./litre) within 
24 hours. These results showed that the methylsulphate was much more rapid!y 
or completely absorbed than the chloride. They were confirmed and extended by 
constructing the corresponding curves for a range of doses of the two salts. |» 
Fig. 2 the highest concentrations from these curves are plotted against dose. Tlic 
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G. 1.—Concentrations of antrycide in rabbit Fic. 2.— Maximum plasma concentrations of 
plasma after subcutaneous administration of antrycide in rabbits after subcutaneous admin- 
10 mg. chloride (A) and 13.2 mg. methyl- istration of various doses of the chloride (A) 
sulphate (B) per kg. and equivalent doses of the methylsulphate (B) 

per kg. 


main features of the results were as follows. First, when the dose of methylsulphate 
was increased, the maximal plasma concentration increased in a regular manner. 
[he plot of log. concentration (mg./l.) against log. dose (mg./kg.) was a straight 
line which fitted the equation 4.92 C = (D)'*!*; that is, in the range of doses studied, 
doubling the dose rather more than doubled the concentration. This effect might 
be due either to the metabolism of a decreasing proportion of the drug as the dose 
was increased, or to the precipitation of a decreasing proportion at the injection site, 
the amount of anion available for such precipitation being presumably fairly constant. 
Second, at doses above | mg./kg. the concentration attained after chloride administra- 
(ion was approximately constant and independent of the dose. This constancy was 
preserved over the range from | to 10 mg./kg., and a dose of 200 mg./kg. gave an 
only slightly higher concentration. Third, at doses equal to or less than 1 mg./kg. 
methylsulphate and chloride gave approximately the same concentration. 

These findings can be correlated quantitatively with the solubilities of the two 
salts. The solubility of the chloride is about | mg./ml. and that of the methylsulphate 
‘bout 300 mg./ml. Therefore, the methylsulphate was completely dissolved at all 
loses, whereas the chloride was so only at doses below | mg./kg. (volume of injected 
luid | ml./kg.), the higher doses being administered in the form of a saturated 
olution (ca. | mg./ml.) containing dispersed solid. The obvious conclusions are 
hat the dissolved part of the chloride is equally as rapidly absorbed as the methyl- 

ilphate, and that the undissolved part is left unabsorbed at the injection site (cf. 
urd and Davey, 1950). 

A consequence of these conclusions is that the quantitative difference between 

ie two salts must vary according to the size of the animal to which they are given, 
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if a conveniently small volume of fluid is injected. This has been confirmed experi- 
mentally (Table I, Figs. 3 and 4). The virtual identity of the curves obtained after 
subcutaneous administration of the two salts to mice shows clearly that dissolved 
chloride is absorbed equally as rapidly as the methylsulphate. The very poor 
absorption of the chloride in the calf shows that the quantitative difference between 
the two salts is dependent on the proportion of chloride undissolved. This effect 
is a very important one because antrycide is administered therapeutically in large 


TABLE I 


DEPENDENCE OF DIFFERENCE BETWEEN CHLORIDE AND METHYLSULPHATE ON SIZE OF ANIMAL 
(CHLORIDE 5 MG./KG., METHYLSULPHATE 6.6 MG./KG., BOTH SUBCUTANEOUSLY) 





























| Concn. of | Percentage of — 
Volume of . . Ratio of 
Animal injected fluid | soln. or | salt in solution | Max. concns. 
— dispersion | : -| CH.SO. Cl 
g./100 ml. cl CH,SO, 34 
Mouse (20 g.) 0.2 0.05 100 100 0.7 
Rabbit (2 kg.) 2 0.5 24 100 11 
Calf (200 kg.) 10 10 1.2 100 65 
[ 
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Hours after injection Hours after injection 
Fic. 3.—Plasma concentrations of antrycide inthe Fic. 4.—Plasma concentrations of antrycide in 
calf (continuous lines) and rabbit (broken lines) mice after subcutaneous administration of !0 
after subcutaneous administrations of 5 mg. of (x ——) and 5 (x--- x) mg. of chloride 
chloride (<) and 6.6 mg. of methylsulphate and 13.2 (e——e) and 6.6 (@- — -@) mg. ol 
(O) per kilogram, methylsulphate per kilogram, 


animals, particularly the adult cow or ox and the camel. Clearly, the chloride 
would be expected to have little curative activity in these species, if curative action 
is exerted by a high peak concentration rather than a low, sustained one (see below). 

Concentrations given by the same dose of methylsulphate in calf and rabbit 
were similar, those in the mouse were much lower. This may explain its lower 
toxicity in the mouse. The LDS50 for the mouse was given by Curd and Davey (1950) 
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«5 25 mg./kg. subcutaneously, and the author found that about four out of ten 

ribbits given 13.2 mg./kg. died. The concentrations after this dose shown in Figs. 
and 2 are therefore selected, and may be lower than the true mean values. Indeed, 

»ost-mortem blood of the more susceptible animals contained higher concentrations 

(see section 4). However, this could have been due to failure of the eliminating 
iechanisms before death, while absorption was continuing. 


~ 


Distribution of antrycide 


Data on the distribution of antrycide have to be considered in relation to defi- 
ciencies in the method of analysis. One of the main difficulties met during the 
development of the method (Spinks, 1950) was the coprecipitation of antrycide with 
proteins. Plasma could be precipitated with trichloroacetic acid at a dilution of 
| 10, and the recovery of antrycide was constant at about 77 per cent of theory down 
to amounts of about 0.02 ug. Blood gave very poor results at this dilution but could 
be precipitated at 1/30 dilution to give about 65 per cent recovery of.antrycide. 
Recoveries of antrycide from liver, lung, spleen, kidney, heart, intestinal wall, muscle, 
pancreas, brain, and fat were also examined, and it was found that all gave recoveries 
of about 70 per cent when large amounts of antrycide were extracted by trichloro- 
acetic acid at an overall dilution of 1/60. The smallest amount of antrycide that 
could be accurately measured varied with the tissue but was usually about 0.2 to 
|.0 ng. Large proportions of smaller amounts were lost on the precipitate. Since 
not more than 0.2 g. of tissue could be used (because of the necessity of precipitating 
at 1/60 dilution) this limitation means that tissue analyses can only be accepted with 


TABLE Il 


CONCENTRATION OF ANTRYCIDE IN TISSUES OF RABBITS (AFTER THE SUBCUTANEOUS INJECTION 
OF 10 MG. CHLORIDE OR 13.2 MG. METHYLSULPHATE KG.) 





Concentration of antrycide (mg./kg.) after s.c. injection of 








; Chloride Methylsulphate 
Time paee -_ ‘ osiainicirmetarmoiege — 
Plasma Spleen Liver Kidney Plasma Blood Spleen’ Liver | Kidney 
Qmin. .. | 4.98 5.86 2.0 16 80* 
ie a 3.16 2.67 1.4 21 | 35 
hr. My 0.07 tr. 3.7 9.2* | 1.43 0.95 tr. 38 | 88 
ie _ 0.53 0.50 tr. 38 | 78* 
i= o 0.44 0.31 tr. 35 57 
3 0.03 tr. tr. 11* 0.08 0.06 tr. 38 76 
| 0.03 tr. tr. 45 78 
o a tr. tr. 3.9 ; 21* tr. tr. tr. 42 — 
day 7 13 ks tr. | Sl | 94 
days .. | 13 23* 54 | 19 
a “ 28 3.1° 3 | 11 
weeks .. 10 ye ig | 3.0 tr. 
eae 33 tr. } tr. ir. 





Concentrations in heart, lung, muscle, perirenal fat, brain, pancreas, and duodenal wall were too 
v for accurate measurement (<2-5 mg./kg.). tr. = traces (see text). 


* Results in individual rabbits. The others are means of results in two rabbits. 
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confidence when the concentration measured is above 1-5 mg./kg. Accordingly 
results given in this section of the paper are recorded as “ traces’ when they fal 
below the limit applicable to the particular tissue. 

The results of tissue analyses are shown in Table II. Concentrations in sever 
out of ten of the tissues other than blood examined were too low for accurat« 
measurement. In so far as discrimination among the results with these tissues i 
justifiable it is probable that concentrations in brain, fat, duodenal wall, and musck 
were particularly low (up to | mg./kg.) and those in heart, lung, and pancreas possibly 
slightly higher (up to 3 mg./kg.). There was certainly a marked difference between 
all these tissues and spleen on the one hand, and liver and kidney on the other. 
Antrycide was selectively localized in liver and kidney and could readily be detected 
in them for several weeks after administration. Concentrations in kidney reached 
very high levels, as much as 120 mg./kg. in one or two samples. 

The selective localization of antrycide in liver and kidney is an interesting 
phenomenon in several respects. It might have a bearing on the elimination of 
antrycide, although the superficial conclusion that the latter is mobilized for excretion 
and metabolism in these two tissues is unjustifiable, first because many drugs known 
to be eliminated by them are not similarly localized, second because it is doubtful 
whether the organism can be said actively to mobilize an unfamiJiar substance for 
a particular purpose. However, localization might well facilitate the elimination 
of antrycide, which is excreted in part in the urine, and is probably degraded to a 
considerable extent. 

Localization will confer a certain degree of persistence on antrycide, irrespective 
of other reasons for persistence that are discussed later. It can be shown that if a 
drug A is uniformly distributed and a drug B distributed so that liver and kidney 
concentrations are a thousand times those in the rest of the body, then the plasma 
concentration of A will be about fifty times that of B, when the total amounts of 
each present are the same. If A and Bare eliminated only by way of the plasma and 
at the same rate (i.e. if the volumes of plasma cleared of drug in unit time are the 
same), then A should be eliminated from the body fifty times as rapidly as B. This 
is a large difference but probably not sufficient to explain the prolonged prophylaxis 
conferred by antrycide. Moreover, the localization of B in two tissues known to 
be particularly concerned with excretion and metabolism might well reduce this 
assumed difference. The subsidiary importance of localization is particularly 
indicated by the fact that it must clearly be independent of the nature of the salt 
administered, since antrycide chloride and methylsulphate are fully dissociated at 
PH 7 (cf. Table Il). The duration of prophylaxis, if it depended mainly on localization 
in tissue, should therefore also be independent of the nature of the salt administered. 
However, it is in fact markedly dependent thereon. 

Localization of antrycide in liver and kidney allows quantitative comparison of 
the two salts as regards persistence of the base in the body. Examination of plasma 
concentrations did not allow this. The results in Table II show that antrycide 
can be measured in liver for about eight weeks after chloride and for about two 
weeks after methylsulphate administration. Since the difficulty of measuring ‘ 
subsequently may be due to the poor recovery of very small amounts the actu: 
retention in the body might have been more prolonged than these figures indicat: 
However, they agree quite well with the known duration of prophylaxis. Dave 
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found that break-throughs in rabbits occurred 8-12 weeks after administering 5 mg. 
f the chloride per kg. (Davey, private communication).. It is therefore likely that 
‘he substance measured as antrycide is the active one (see below). 

Localization of antrycide in tissue was expected to occur since it is a property 
common to a large variety of basic compounds (e.g. mepacrine, proguanil, chloro- 
quine, benadryl, etc.). However, its highly selective nature is noteworthy: nothing 
exactly comparable seems to have been demonstrated for any other drug, although 
many compounds, e.g. mepacrine (Oldham and Kelsey, 1945), reach much higher 
concentrations in liver than in other tissues. 


3. Excretion of antrycide 


One rabbit of a pair received 10 mg. chloride per kg. subcutaneously, the other 
13.2 mg. methylsulphate. Urine was collected daily and analysed. The experiment 
was repeated three times and the averages of the four sets of data are shown in 
Fig. 5. Much larger amounts of antrycide appeared in the urine immediately after 
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Fic. 5.—Excretion of antrycide 
in rabbit urine after subcu- 
taneous administration of 

10 mg. of chloride (A) and 

13.2 mg. of methylsulphate 

(B) per kilogram. 








Percentage of dose in urine 











Days after injection 


methylsulphate than after chloride administration. The excretion of antrycide was 
letectable for about fourteen days after methylsulphate administration. It may 
have continued longer at a level too low for measurement. The excretion of antry- 
cide after chloride administration soon exceeded that after methylsulphate administra- 
tion, and was detectable for longer periods. About 6 and 19 per cent of the 
loses were detected in the urine after chloride and methylsulphate administration 
espectively. 

These findings tally with those of previous sections. They lead to the conclusion 
hat slow absorption of chloride continues for long periods after administration, 
he source of this chloride being presumably the solid residue left behind at the site 
injection. This is confirmed by Curd and Davey’s finding (1950) that the presence 
f the residue is essential for the maintenance of prophylaxis: its removal results 
1 the development of susceptibility to subsequent infection. The excretion of 
itrycide after methylsulphate administration, and indeed its retention in tissue, 
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continue for a longer period than would be expected from the form of the plasma- 
concentration time curve. As already suggested the methylsulphate might be partly 
precipitated at the injection site, or possibly the localization of antrycide in the 
liver and kidney is sufficient to confer the degree of persistence observed. Results 
of intravenous administration suggest that the latter effect plays only a small part. 
Plasma concentrations 2 min., 7 min., 15 min., 30 min., | hr., 2 hr., 3 hr., 5 hr., and 
7 hr. after intravenous administration to a rabbit of 2.64 mg. methylsulphate per 
kg. were 4,180, 2,560, 1,020, 359, 126, 73, 40, 11, and 4 ug./litre respectively. The 
last two concentrations were too low for accurate measurement. Excretion in the 
urine could be detected for about 4 days, but only 1.5—4 per cent of the dose was 
traced in the urine in three experiments, a much smaller amount than was traced 
after subcutaneous administration of 13.2 mg./kg. The last finding suggests, first, 
that absorption after subcutaneous administration may be fairly complete, second, 
that the rabbit may metabolize a larger proportion of a smaller dose, a possibility 
that was suggested earlier during the discussion of the dose/plasma-concentration 
curve (Fig. 2). 


4. Therapeutic and toxic concentrations of antrycide 


Little evidence on this topic is available. However, some speculations are 
interesting. It seems probable from Curd and Davey’s results (1950) that a dis- 
tinction must be made between curative and suppressive concentrations. It is 
impossible even to guess at curative concentrations, although curative doses are 
known for some strains of parasite and some species of host. This is because it 
is impossible to decide whether a peak concentration maintained only for a few 
minutes or a lower concentration maintained for longer periods is more likely to 
cure (cf. Marshall, 1949). The methylsulphate is a better curative drug than the 
chloride, suggesting that a high peak concentration may be needed. Nevertheless 
cures can be obtained with chloride alone in doses which would be expected to give 
much lower peak concentrations than do minimal curative doses of the methyl- 
sulphate. For example, 100 per cent eradication of the southern Sudan strain of 
T. congolense was observed in cattle with minimal doses of 4 mg. chloride or | mg. 
methylsulphate per kg. (Davey, private communication). The respective peak 
concentrations would probably have been of the order of 30 and 300 ug./litre (cf. 
Fig. 3). 

The suppressive concentration is certainly below 10 xzg./litre, probably below 
| yg./litre. This is assumed from the following facts: first, the concentration of 
antrycide falls below the former figure within 24 hours after dosing; second, it 
probably continues to fall, since the amount excreted in the urine falis regularly 
each day for several weeks; third, a single dose of 5 mg. chloride per kg. in cattle 
confers protection for several months (Curd and Davey, 1950). At present there 
seems to be little hope of measuring such minute concentrations (Spinks, 1950). 

The suppressive concentration (in the plasma, if not in the tissues) is so lov 
that it is tempting to assume that antrycide is localized also in trypanosomes. N: 
direct evidence is available, except that trypanosomes suspended in antrycid: 
solutions and examined in the fluorescent microscope were observed to fluoresc« 
strongly. However, the strengths of the solutions had to be so high (becaus« 
antrycide fluoresces weakly) that no definite conclusion can be drawn. 
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The toxic concentration of antrycide has been measured only in the rabbit. 
An anima] receiving 13.2 mg. of methylsulphate per kg. subcutaneously usually 
shows symptoms of collapse, shallow respiration, and ataxia until about fifty minutes 
after dosing, when the concentration has fallen below about 3 mg./litre. Recovery 
occurs between 3 and 2 mg./litre, and no toxic symptoms have been observed at 
concentrations below 2 mg./litre. Plasma of 3 rabbits that were killed by sub- 
cutaneous injection of 13.2 mg. of methylsulphate per kg. contained 5.15, 7.20, 
and 6.48 mg. of antrycide per litre. 


5. Degradation of antrycide 


No study of the degradation of antrycide has so far been made. The amount 
excreted in the urine is small and most of the drug must be degraded in vivo. The 
possibility that a metabolite may be active must therefore be considered. The 
correlation of duration of prophylaxis with the time during which antrycide can 
be detected in the tissues, particularly the correlation between the activities of the 
two salts and their measured absorption and retention, suggests that the substance 
measured by the analytical method is the active material. However, it is not known 
whether the method distinguishes antrycide from all its possible metabolites. It 
presumably distinguishes antrycide from some of the excreted metabolites, since 
the proportion of the dose detected in the urine is so small, and it has a considerable 
degree of specificity as judged by its failure to detect many other bases, including 
some closely related to antrycide (Spinks, 1950). For example, analogues containing 
either or both NH, groups replaced by OH are not detected, although both the 
mono-quaternary analogues are. These compounds were examined because they 
are obviously potential metabolites. Unfortunately knowledge of degradative 
processes is at present so limited that predictions of this sort mean little. All the 
compounds mentioned are inactive or weakly active when administered subcutane- 
ously. The material left at the injection site eight to ten weeks after the administra- 
tion of antrycide chloride has been shown by Ainley (private communication) to 
be mainly unchanged chloride, mixed with unidentified colloidal material. Meta- 
bolism of antrycide before absorption appears therefore to be excluded. 


SUMMARY 


1. Antrycide methylsulphate is rapidly and probably almost completely absorbed. 
The maximal plasma concentration increases regularly with the dose. 

2. Antrycide chloride is rapidly absorbed when given in solution, but any part 
of it that is undissolved is left behind as a drug reservoir. An increase in dose 
ibove that involving the administration of solid as well as solution does not raise 
the maximal concentration in the plasma to any significant extent. 

3. The quantitative difference between the two salts depends on the concentration 
f the dosing solutions, and hence on the size of animal dosed, if conveniently small 
olumes are injected. There is no difference in mice at low doses, and a very large 
lifference in calves. 

4. Antrycide leaves the plasma rapidly during the first few hours after dosing. 
\ concentration of 4,000 xg./litre falls below 10 ug./litre within 24 hours. 
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5. Antrycide attains high concentrations in liver and kidney. Concentrations 
in eight other tissues examined were found to be low. Antrycide can be detected 
in liver and kidney for several weeks after administration. 

6. Antrycide is excreted in the urine in detectable amounts for several weeks after 
administration. Antrycide can be detected in urine, liver, and kidney for a longer 
period after chloride than after methylsulphate administration. 

7. The localization of antrycide in liver and kidney is probably only a minor 
cause of its persistence. The major cause is probably long-continued, slow absorption 
from a subcutaneous reservoir of sparingly soluble chloride. 

8. The substance measured by the analytical method (and referred to as antrycide 
above) is probably the active compound, but proof that a metabolite is not included 
in the measurement has not yet been obtained. 


The author is greatly indebted to Dr. D. G. Davey for much helpful discussion <rd 
to Mrs. E. Powell for skilled technical assistance. 
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THE INFLUENCE OF CABBAGE EXTRACTS UPON 
THE BLOOD SUGAR LEVEL 


BY 


J. J. LEWIS 
From the Department of Pharmacology, University of Manchester 


(Received May 15, 1950) 


The occurrence of a hypoglycaemic substance in cabbage, and its concentration 
and ultimate purification as the hydrochloride of an unidentified compound, was 
reported by Dubin and Corbitt in 1923. Ederer (1927) also obtained concentrates 
from cabbage, which had the added advantage of being active when administered 
by mouth, and in 1938 MacDonald and Wislicki, using methods of extraction based 
upon those of Dubin and Corbitt (1923), obtained concentrates from cabbage which, 
when administered orally to fasting rabbits, caused a marked fall in the level of 
the blood sugar, and which relieved the diabetic symptoms of a depancreatized dog. 
Attempts to confirm the conclusions of Dubin and Corbitt were made, without 
success, by Braun and Rees (1935), Jorgensen and Lynn (1935), and Lewis (1950). 
Similarly, Lewis (1950) failed to confirm the findings of MacDonald and Wislicki 
and Ederer. 


Since the isolation of a substance similar in its physiological properties to insulin 
but with the added advantage of being active when administered orally would be 
of considerable significance, it was decided that the possibility of isolating such a 
substance from cabbage was worthy of further investigation. It was felt, more- 
over, that the experimental data given by Dubin and Corbitt, Ederer, and MacDonald 
and Wislicki were incomplete and permitted of a certain breadth of interpretation. 
For example, no mention was made of the age of the cabbage when harvested, 
nor was the length of time which had elapsed between its harvesting and use noted. 
Furthermore the conditions under which extraction was made were not fully given. 
Mention was not made of the pH of extraction, the temperature during extraction, 
or possible contamination and inactivation of the “hypoglycaemic” factor by 
metallic ions, or enzymes. 


An attempt has therefore been made to repeat the work of Dubin and Corbitt, 
ind MacDonald and Wislicki, under more strictly controlled conditions, since it is 
known that factors such as those cited influence the chemical content of plant tissues. 
in addition, isolation of active material has been attempted using other methods 
of extraction, and the effects of extracts prepared according to the methods of 
MacDonald and Wislicki and Dubin and Corbitt upon the morning blood sugar 
evels of rabbits fed with them, and upon the blood sugar levels of rabbits with an 
itificially induced hyperglycaemia, have been studied. 
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A. Modifications of the methods of Dubin and Corbitt and MacDonald and Wislicki* 


(a) Seedling cabbage: two batches were extracted, one by D. and C.’s method and 
one by M. and W.’s method. 

(b) Spring cabbage: two batches were extracted by D. and C.’s method. One batch 
was harvested immediately before extraction. 

(c) Mature cabbage harvested immediately before extraction: two batches were 
extracted by M. and W.’s method. 

(d) Cabbage allowed to stand in a minced state exposed to the atmosphere for 
24 hours before extraction: one batch was extracted by M. and W.’s method. 

(e) The extraction of cabbage at different levels of pH: minced cabbage was extracted 
with (i) 70 per cent (v/v) ethanol adjusted to neutrality by the addition of N-ammonia ; 
(ii) 70 per cent ethanol adjusted to neutrality by the addition of 0.5 N-sodium hydroxide ; 
(iii) 70 per cent ethanol to which was added sufficient 0.5 N-sodium hydroxide to bring 
the pH to 7.2 ; and (iv) 70 per cent ethanol to which was added sufficient 0.02 N-citric 
acid to adjust the pH to 5.4. In all other respects M. and W.’s method was followed 
in these extractions. 

(f) Evaporation at ordinary pressures: one batch was extracted by D. and C.'s 
method and one by M. and W.’s method, except that in each extraction evaporation 
under ordinary pressure was substituted for evaporation under reduced pressure. 

(g) Evaporation at 50° C.: two batches extracted as in (f) except that evaporation 
under reduced pressure was so controlled that the temperature of distillation was 
maintained at 50° C. 

(h) Comminution of the cabbage at a low temperature: in order to minimize enzymic 
activity during mincing, the cabbage was comminuted by immersion in 70 per cent (v/v) 
ethanol to which solid carbon dioxide had been added. The frozen material was then 
crushed to a coarse powder by means of a pestle and mortar, and from then onwards 
M. and W.’s method of extraction was followed. A further batch of cabbage was 
treated in this manner and then extracted by D. and C.’s method. 

(i) Extraction in the absence of metals: two batches were extracted, one by D. and C.’s 
method and one by M. and W.’s method. The cabbage was comminuted by pounding 
in porcelain mortars with porcelain pestles until a contused mash was formed. After 
maceration the liquid was expressed from the marc by means of a porcelain screw press. 

(j) Control of the temperature of the water bath: two batches were extracted, one 
by D. and C.’s method and one by M. and W.’s method, but in order to avoid the risk 
of local overheating during vacuum distillation the temperature of the water bath in 
which the distillation flask was immersed was not allowed to exceed 45° C. 

(k) Combination of modifications (/), (i), and (j): two batches were extracted, one by 
D. and C.’s and one by M. and W.’s method, with modifications (h), (i), and (j). 

(1) Precipitation of the “ hypoglycaemic” fraction by means of n-butanol: a large 
batch was extracted by M. and W.’s method except that the final precipitation of the 
“ hypoglycaemic ” fraction was performed by the addition of n-butanol. This extract 
is referred to hereafter as Al. 


B. The use of other methods of extraction 


(a) The extraction of freeze-dried cabbage juice: The cabbage was minced by means 
of an iron roller mincer in the presence of solid carbon dioxide ; solid carbon dioxide 
was added to the minced cabbage and the juice expressed from the latter by means of an 
iron or porcelain screw press The expressed juice was chilled by the addition of a 
further small amount of solid carbon dioxide, and was freeze-dried by means of an 
oil-mercury vapour pump high vacuum system. The residue was powdered and extracted 


* These will be referred to as D. and C.’s method and M. and W.’s method respectively. 
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with 80 per cent (v/v) ethanol for 24 hours. The insoluble matter was removed by 
filtration and re-extracted for a further period of 24 hours with 80 per cent ethanol. 
[he combined filtrates were adjusted by addition of absolute ethanol to an alcoholic 
content of 93 per cent (v/v). When precipitation was complete, the precipitate was 
separated by filtration and after removal of traces of alcohol administered orally or 
parenterally to the experimental animal. 

In essence, this method consisted of extracting the residue obtained from the cabbage 
juice after freeze drying by D. and C.’s method. It assumed that the “ hypoglycaemic ” 
principle was present in the expressed juice and dispensed with the initial 24 hour 
maceration with 70 per cent ethanol during which time some decomposition might 
occur. Three batches were treated as described in the foregoing account. 

(b) The preparation of a hydrochloride from cabbage juice: the expressed juice 
from minced cabbage was filtered and treated with a saturated aqueous solution of 
picric acid until there was no further precipitation. The precipitate was removed by 
centrifugation, and treated with excess of hydrochloric acid-ethanol. After several hours 
(occasional shaking) the insoluble material was removed by filtration and the filtrate 
poured into five times its volume of acetone. The precipitated hydrochloride was 
removed from the supernatant liquid by centrifugation and dried in vacuo. 

(c) The fractionation of cabbage juice by half-saturation with ammonium sulphate: 
the juice expressed from minced cabbage was filtered and treated with an equal volume of 
saturated ammonium sulphate solution. After several hours, the precipitate was removed 
by centrifugation, suspended in water, and dialysed in cellophane sacs against running 
water until no further reaction for sulphate could be obtained. The contents of the dialysis 
sacs were then separated by centrifugation into soluble and insoluble fractions. The 
insoluble matter was tested as it stood, the other fraction was evaporated under reduced 
pressure to approximately one-third of its volume before administration to the 
experimental animal. 

(d) The fractionation of cabbage juice by saturation with ammonium sulphate: the 
method was the same as that described in (c) except that sufficient ammonium sulphate 
was added to the expressed juice to saturate it. 


C. Biological experiments 


(a) The administration of cabbage extracts to rabbits with artificially elevated blood 
sugar levels: Four healthy adult rabbits were selected and fasted for 24 hours. A.R. 
Dextrose (1 g./kg.) was then administered either by subcutaneous injection (Rabbits 1 
ind 2) or by means of the stomach tube (Rabbits 3 and 4) and samples of blood for 
sugar determination taken at intervals of one half, one, two, three, four, and five hours 
ifter dosage. This experiment was repeated three times with Rabbit 1, twice with 
Rabbit 2, and once each with Rabbits 3 and 4. In similarly conducted experiments the 
same amount of A.R. Dextrose was administered to each member of the group, together 
with extract equivalent to 4 kg. of cabbage originally extracted. In Rabbits 1 and 2 
the dose was injected subcutaneously, in Rabbits 2 and 3 it was given by stomach 
tube. The extract administered to Rabbits 1 and 2 was prepared by D. and C.’s method, 
that administered to Rabbits 3 and 4 by M. and W.’s method. Two repeat experiments 
were carried out upon Rabbit 1, three upon Rabbit 2, and one each upon Rabbits 3 
ind 4. The results were subjected to statistical analysis. 

(b) Effect upon the morning blood sugar levels of fasting rabbits: These experiments 
vere carried out in order to ascertain the effect, if any, of the cabbage extract upon the 
fasting blood sugar level of normal rabbits over a period of several days. 

A group of six healthy rabbits were selected and each animal fasted for 24 hours. 
samples of blood, for blood sugar estimation, were then taken. Three of the animals 
vere given a dose of 5 g. extract A/ per kg. body weight and the other three dosed 
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similarly with 2.5 g./kg. of the same extract. Both groups were fed, and after feeding 
subjected to a further period of starvation for 24 hours, when the fasting blood sugar 
level was again determined. This process was repeated a further three times. A 
parallel group of five animals which did not receive a dose of the extract but which 
received identical treatment in all other respects was used as a control. 

(c) The effect of repeated dosage at two-hourly intervals: In these experiments the 
extract Al was used. Two healthy rabbits were selected and each fasted for 24 hours 
before experimentation. Samples for blood sugar estimation were then taken and 
2.9 g./kg. body weight of the extract Al were administered orally to each animal. 
This dosage was repeated twice in one animal and three times in the other. The interval! 
between the administration of doses was about two hours. 


Methods of administration and estimation of activity: The extracts were administered 
in filtered aqueous solution, by stomach tube or by subcutaneous injection, to fasting 
rabbits which had received water but no food during the 24 hours before the commence- 
ment of the experiments. The normal diet of these animals consisted of a morning 
feed of oats, greens, and water. Samples of blood for estimation of the sugar content 
were obtained from the marginal ear veins. Blood sugar content was estimated by the 
method of Hagedorn and Jensen (1923). When administration was by stomach tube, 
great care was taken to avoid injuring or unduly exciting the rabbits. Experiments in 
which injury had occurred or was suspected, or in which there was undue struggling, 
were discontinued. Dosage was calculated in grams or fractions of a gram of extract 
per kilogram of body weight of the rabbit or in terms of the weight of cabbage originally 
extracted. 

Before dosage the fasting level of the blood sugar in the animal under experiment 
was determined. Blood samples were taken at intervals of 4, 1, 2, 3, 4, and 5 hours 
after the administration of the dose, or as indicated in the text. 

Control experiments were performed by carrying out parallel experiments, viz. 
on fasting rabbits without dosage of any kind ; on fasting rabbits after simple insertion of 
the stomach tube ; on fasting rabbits after administration through the stomach tube ol 
volumes of distilled water equivalent to those in which doses of the extracts were usually) 
dissolved ; on fasting rabbits after administration of graded doses of insulin, and as 
indicated under C (a) and (5). 

RESULTS 

A. None of the modifications of the processes of Dubin and Corbitt and 
MacDonald and Wislicki, outlined in section A (a) to (/), gave extracts which pro- 
duced symptoms of hypoglycaemia. Two experiments were usually carried out for 
each modification. The maximal falls in blood sugar in mg. per 100 ml. blood were: 
(a) 13, (b) 31, (c) 21, (d) 23, (e iii) 30, (e iv) 9, (f) no fall, (g) 21, (A) 6, (i) 7, Gj) 11, and 
(k) 4. The extract prepared as described in section A (d) was also administered 
intravenously when it caused a transient but quite marked hyperglycaemia (two 
rabbits). 

The extract prepared by butanol precipitation (section A/) was available in large 
quantity, and it was tested more extensively than those obtained by extracting smaller 
batches of cabbage in the laboratory. Doses of 50 g. of the extract by mouth did 
not produce any hypoglycaemia ; in one case a profound hyperglycaemia was 
observed. Dosage with 5 g./kg. body weight of the rabbit did not produce hypo- 
glycaemia, a mild hyperglycaemia being recorded. Doses of 2.5 g./kg. produced no 
symptoms of hypoglycaemia. In these experiments falls in the level of the blood 
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sugar Of 19, 29, and 22 mg. per 100 ml. respectively were recorded. In the first 
wo of these experiments an initial phase of mild hyperglycaemia was also observed. 
In the remaining three experiments in which a dose of 2.5 g./kg. body weight was 
ziven, one showed neither hypoglycaemic nor hyperglycaemic trends, whilst in the 
other two experiments a mild degree of hyperglycaemia was recorded. Administra- 
tion of a dose of 1 g./kg. body weight to two rabbits produced no symptoms of 
hypoglycaemia. In one of these experiments a fall in the level of the blood sugar of 
19 mg. was observed, in the other no fall was recorded. 


B. None of the other methods of extraction described in section B (a) to (d) 
gave extracts producing symptoms of hypoglycaemia. The maximum falls of blood 
sugar in mg. per 100 ml. were (a) freeze dried cabbage juice, 6 mg.; (b) hydro- 
chloride, 12 mg. ; (c) insoluble fraction, 14 mg. ; soluble but non-dialysable fraction, 
16 mg. ; (d) insoluble fraction, 20 mg.; soluble but non-dialysable fraction, 5 mg. 


C. (a) Analysis of variance of the blood sugar levels between zero time and 
half an hour after treatment in rabbits given dextrose produced no evidence that, 
after this period of time had elapsed, the extract had any significant effect upon the 
glucose tolerance curve. There was, however, a significant difference between the 
blood sugar level at zero time and one hour after treatment when the results 
obtained from administration of dextrose solution and of dextrose solution plus 
cabbage extract were compared. 

(b) In one rabbit there was a fall of 17 mg./100 ml. in the fasting level of the 
morning blood sugar after a period of 24 hours had elapsed, and in another a fall 
of 5 mg./100 ml. after 48 hours. There appears to be no evidence pointing to the 
extract producing any significant effect upon the morning blood sugar levels of 
fasting rabbits. 

(c) Two experiments were carried out. Repeated dosage with extract Al at 
intervals of two hours did not produce any symptoms of hypoglycaemia. The 
maximum fall in blood sugar level recorded was 7 mg./100 ml. 


DISCUSSION 


Statistical analysis of the results obtained has shown that the blood sugar level 
after one hour is significantly lower when cabbage extract is administered mixed 
with solution of dextrose than when solution of dextrose is administered alone. 
(his difference was of the same order whether administration was by the parenteral 
route or by mouth. Thus there appears to be no doubt that the rate of absorption 
of dextrose is altered by the extract. This effect is probably not of an insulin-like 
nature since extracts administered alone do not appear to lower significantly the 
fasting level of the blood sugar in rabbits. Further, the extract appears to slow 
down and prolong dextrose absorption. This is not, of course, an insulin-like effect. 
To what this influence upon dextrose administration is due is not clear. «It is 
suggested that gastric secretion may be impaired, or that the permeability of the 
cut wall may be lessened. Further investigation of these points is necessary, but 
since the extract is soluble and forms only an insignificant fraction of the dry weight 
of the administered mixture, these factors are not likely to be responsible for the 
observed effects. 
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Little can be said regarding the results obtained from the other methods of 
procedure, etc., adopted in this work. No evidence was obtained from them indi- 
cating that they were overcoming adverse factors in the extraction process, etc., 
since none yielded positive results. 


It cannot be said with certainty that the existence of an insulin-like substance in 
cabbage has been ruled out, since the factors and combinations of factors which 
may be influencing its successful extraction are very numerous and consideration is 
being given to further experimental work. 


SUMMARY 


1. Attempts to modify the extraction processes of Dubin and Corbitt (1923) and 
of MacDonald and Wislicki (1938) have failed to produce hypoglycaemic extracts 
of cabbage. 


2. The use of alternative methods of extraction has similarly failed to produce 
active extracts. 


3. Administration of cabbage extracts to rabbits with artifically elevated blood 
sugar levels slowed down and prolonged the absorption of glucose. 


4. Cabbage extracts did not significantly lower the morning blood sugar levels 
of fasted rabbits. 


5. Repeated administration at two-hourly intervals of an extract prepared by 
precipitation with n-butanol was ineffective in producing an insulin-like response. 
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THE ANAESTHETIZATION OF THE RABBIT’S CORNEA 
BY NON-SURFACE ANAESTHETICS* 


BY 


MARGARET E. GREIG, WILLIAM C. HOLLAND, * Anp PHILIP E. LINDVIG{ 


From the Department of Pharmacology, Vanderbilt University School of Medicine, 
Nashville 4, Tennessee 


(Received May 24, 1950) 


It is well known that there is a great difference among local anaesthetics, some 
causing a high degree of anaesthesia when applied to mucous surfaces while others 
have little if any effect although they may be very active infiltration anaesthetics. 
Procaine (8-diethylaminoethyl-p-aminobenzoate hydrochloride) and butyn (y-di-n- 
butylaminopropyl p-aminobenzoate sulphate) may be taken as typical examples of 
such substances, butyn being an excellent surface anaesthetic, while procaine has 
little if any effect. 

It was thought that these differences might be due to differences in the perme- 
ability of mucous surfaces to these substances, which could be correlated with their 
effects on cholinesterase activity. It has already been shown in this laboratory that 
inhibitors of cholinesterase activity increased the permeability of erythrocytes and 
the haemoencephalic barrier (Greig and Holland, 1949a, b, c; Holland and Greig, 
1950). If anaesthetics having surface activity penetrate the mucous membrane by 
virtue of their inhibitory action on cholinesterase, then substances showing active 
infiltration anaesthesia but no surface anaesthesia might be made to cause surface 
anaesthesia by blocking cholinesterase activity with physostigmine. This was found 
to be the case, as shown in the following experiments. 


METHODS 


The rabbit’s cornea in vivo was used as a test material for surface anaesthesia. 
Absence of the corneal reflex when the cornea was touched with a small wire was 
taken as the criterion of anaesthesia. The drugs{ were applied to the cornea by 
one worker and results were recorded by two other observers who were not informed 
of the drug or combination of drugs applied. When there was a difference of opinion 
on the effect produced, the results were recorded as being negative. This occasionally 
occurred within one or two minutes after application of the solution of the drug, 
but after two or three minutes the opinions were usually the same. The concentra- 


*Funds for carrying on this work were kindly supplied by the Mallinckrodt Chemical 


Works and the Upjohn Company. 
t Research Fellow, U.S. Public Health Service. 
_ fOrthoxine (N-methyl-a-methyl-8-o-methoxyphenyl ethylamine hydrochloride), mesidi- 
caine (N-sym-trimethylphenyl-diethylaminoacetamide hydrochloride), and pyrrolocaine (8-N- 
thiazole-ethyl ester of p-propoxybenzoic acid) were kindly supplied by the Upjohn Company. 
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tion of local anaesthetic was 1 or 2 per cent (w/v) in water as indicated in 
Table I. The concentration of physostigmine was | mg./c.c. 

For experiments in vitro on the effects of local anaesthetics on cholinesterase 
activity, dog erythrocytes were used as a source of enzyme. The final concentration 
of acetylcholine was 0.01 m ; the concentrations of local anaesthetics and the medium 
used are indicated in Table II. 

Cholinesterase activity was determined by the Warburg technique. Inhibitions 
of 10 per cent or less were not considered significant. 


RESULTS 
Table I shows the results of experiments in which the local anaesthetics procaine, 


orthoxine, and mesidicaine were tested alone and in combination with physostigmine 
for their effect on the corneal reflex of the rabbit. These anaesthetics are usually 


TABLE I 


EFFECT OF LOCAL ANAESTHETICS WITH AND WITHOUT PHYSOSTIGMINE ON THE CORNEAL REFLEX 
OF THE RABBIT 

















No. of eyes Number of eyes showing 
Drug tested can ae ie Poser 
Positive reflex Negative reflex 

(%) (%) 

Procaine (2°) me ind - aa 15 12 (80) 3 (20) 
Orthoxine (2°%) ne ie F ae 9 8 (89) 1 (11) 
Mesidicaine (1°) .. 4 .% a 6 4 (66) 2 (33) 
Physostigmine (0.1°%) a i ee 15 15 (100) 0 (0) 
Procaine + physostigmine we ei 18 2 (11) 16 (89) 
Orthoxine + physostigmine we na 24 1 (4) 23 (96) 
Mesidicaine + physostigmine me ai 6 0 (0) 6 (100) 





considered to have little surface activity. However, under our experimental condi- 
tions some degree of anaesthesia was occasionally found, the corneal reflex being 
abolished in 20, 11, and 33 per cent of the tests with procaine, orthoxine, and 
mesidicaine respectively. Physostigmine alone had no effect on the corneal reflex. 
When the local anaesthetics were applied to the cornea with or after physostigmine 
the corneal reflex was abolished in 89 per cent of the tests with procaine, 96 per 
cent with orthoxine, and 100 per cent with mesidicaine. 

It was observed that the onset of anaesthesia was almost immediate if the local 
anaesthetic were applied to the eye in which constriction of the pupil by physostig- 
mine was apparent. When the physostigmine and local anaesthetic were applied 
together anaesthesia was not observed until two or three minutes after application 
of the drugs or until there was some pupillary constriction. 

Table II shows the results of experiments in which the local anaesthetics pr 
caine, orthoxine, mesidicaine, nupercaine (diethyl-aminoethylamide of 2-n-butox\ 
cinchonic acid), pyrrolocaine, and butyn were tested for their effect on the activit 
of the cholinesterase of dog erythrocytes. The first three anaesthetics, as mentioned 
previously, have little or no surface activity ; the last three will produce anaesthesi: 
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TABLE II 
EFFECT OF LOCAL ANAESTHETICS ON THE CHOLINESTERASE ACTIVITY OF DOG ERYTHROCYTES 
Each Warburg vessel contained 0.3 c.c. packed dog erythrocytes, 0.5 c.c. sodium bicarbonate 


(3.5 g./100 c.c.), and 0.2 c.c. acetylcholine (0.1M) in a final volume of 2 c.c. The final 
concentration of the drug was as indicated. 





Concentration of drug 











Number - ———__— —- 
Drug | of 4x 10m | 8X 10m 16 x 10-‘m 

| experiments 

% effect 
Procaine - i | 6 0 | +5* —2* 
Orthoxine - ‘ 4 0 —5* —18 
Mesidicaine 4 6* —4* —14 
Nupercaine a 4 —11 —19 | —25 
Pyrrolocaine .. aie 2 —12 —23 | —44 
Butyn ‘a — 3 —47 —6l1 — 68 





* Values of less than 10°% are not considered significant. 


when applied to mucous membranes. It may be seen that procaine, orthoxine, and 
mesidicaine had no significant effect on cholinesterase activity in the two lower con- 
centrations while nupercaine, pyrrolocaine, and butyn produced significant inhibi- 
tions in the same concentrations. In the highest concentration, 1.6 x 10°M, some 
inhibition was produced by orthoxine and mesidicaine, but the degree of inhibition 
was considerably less than for the group which exhibits surface activity. 


DISCUSSION 


From the results presented it may be seen that certain local anaesthetics which 
do not normally anaesthetize mucous membranes may be made to do so by the 
previous or simultaneous application of physostigmine. 

Although we have not proved that for the mucous membrane of the eye 
physostigmine increases the permeability of the epithelial cells, thus allowing the 
non-surface anaesthetic to penetrate to the nerve endings, we have previously 
demonstrated a relationship between permeability and the activity of the acetyl- 
choline-cholinesterase system for other membranes. When cholinesterase activity 
of red cells is inhibited by physostigmine, marked increases in their permeability 
to both sodium and potassium occurred (Holland and Greig, 1950). Physostigmine 
also caused an increase in the rate of onset of convulsions in frogs treated with acid 
fuchsin presumably by increasing the permeability of the haemoencephalic barrier 
(Greig and Holland, 1949c). 

If surface anaesthesia depends on penetration of the epithelial cells by the local 
anaesthetic and if the ability to penetrate depends on the inhibitory effect on cholin- 
esterase, one would expect that agents which have surface activity would inhibit 
this enzyme while agents without surface activity would have no effect. This was 
indeed found to be the case. Procaine, orthoxine, and mesidicaine had little or no 
inhibitory effect, while nupercaine, butyn, and pyrrolocaine inhibited cholinesterase 
activity in concentrations of the order of 10m. Payot (1946) has reported that 
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the local anaesthetics cocaine, panthesin, diocain, and holocaine inhibited erythro- 
cyte cholinesterase activity. These anaesthetics all show surface activity. As far as 
we are aware the presence of cholinesterase has not been demonstrated in the con- 
junctival epithelium, but its presence has been shown in various other parts of the 
eye (Bruckner, 1943a, b ; Koelle and Friedenwald, 1950 ; Plattner and Hintner, 1930 ; 
Unvas and Wolff, 1937). 


SUMMARY 


1. Procaine, orthoxine, and mesidicaine, which do not ordinarily produce local 
anaesthesia when applied to the surface of the cornea, may be made to do so by 
previous or simultaneous application of a physostigmine solution. 


2. This effect of physostigmine may be due to a change in permeability of the 
cornea by inhibition of cholinesterase activity. 


3. Procaine, orthoxine, and mesidicaine, which have no surface activity, had 
little or no inhibitory effect on erythrocyte cholinesterase activity in concentrations 
of 4x 10* to 1.6 x 10°. 


4. Nupercaine, butyn, and pyrrolocaine, which are surface anaesthetics, inhibited 
cholinesterase activity in concentrations of 4 x 10~* to 1.6 x 10M. 
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NARCOTICS AND THE INORGANIC AND CREATINE 
PHOSPHATES OF MAMMALIAN BRAIN 


BY 
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From the Biochemical Laboratories, Institute of Psychiatry (British Postgraduate Medical 
Federation, University of London), Maudsley Hospital, London, S.E.5 


Several chemical changes in the brain have now been found to be associated with 
the action of narcotics in vivo. (We have adopted a fairly generally used terminology 
in which depressants of the central nervous system such as barbiturates and chloral 
are referred to as narcotics.) These chemical changes include a decreased oxygen 
uptake by the brain in monkeys (Schmidt, Kety, and Pennes, 1945) and in man 
(Himwich, Homberger, Maresca, and Himwich, 1946) with pentothal. The for- 
mation of lactic acid also decreased (Stone, 1938 ; Richter and Dawson, 1948). Also, 
the level of inorganic phosphate fell during the action of dial or nembutal (in mice ; 
Stone, 1943), while that of creatine phosphate rose (in mice: Stone, 1943 ; in rats: 
Le Page, 1946). Levels of adenosine triphosphates were more stable. 

This group of changes appears likely to be interconnected biochemically, but to 
interpret them adequately from this point of view it is desirable to know whether 
they can be reproduced in the brain or in parts of the brain under defined conditions 
in vitro. In this respect, respiration has been studied a great deal (see for example 
Quastel and Wheatley, 1932; Quastel, 1943) and, as in vivo, has been found to 
decrease during the action of narcotics on brain slices. Observations with respect 
to lactic acid, however, are in the opposite sense to the finding in vivo. Increased 
lactic acid formation has been reported by Hutchinson and Stotz (1941) and Buchel 
and Mcllwain (1950) to follow the actions of a variety of narcotics at concentrations 
in which they inhibited respiration in vitro. 

Changes in phosphates are associated both with respiration and with lactic acid 
formation in brain. Also, in brain as in other tissues, phosphates are important 
intermediaries between functional activity and the metabolism which supports such 
activity (for a recent assessing see MclIlwain, 1950). In interpreting the divergent 
findings with narcotics in vivo and in vitro, we therefore considered it important to 
determine the actions of narcotics on the levels of inorganic and creatine phosphates 
in brain slices in vitro. The substances are extremely labile in brain, and greatly 
change in concentration during the preparation of brain slices. Nevertheless during 
metabolism under satisfactory conditions in vitro their levels are restored to values 
which approximate to those in the normal brain in vivo (Mcllwain, Buchel, and 
Cheshire, 1950). During a previous study of the actions of inhibitors on brain slices 
(Mcllwain and Grinyer, 1950) it was made evident that in understanding their action 
it was very necessary to determine their concentration in the tissues on which they 
were acting. We have accordingly commenced this study with a substance whose 
concentration could readily be determined, and for this purpose chose chloral. The 
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action of barbiturates has also been examined. The work has included subsidiary 
investigations of the levels of chloral reached in brain tissue during its action in vivo 
and in vitro. 


EXPERIMENTAL 


Tissue metabolism ; determination of phosphates——The methods are described fully 
elsewhere (Mcllwain, Buchel, and Cheshire, 1950). A brief description is as follows. 
Guinea-pigs were used throughout. 

An animal was decapitated, the brain removed, and slices about 0.35 mm. thick cut 
from the cerebral hemispheres. The slices were placed in Warburg vessels containing 
balanced physiological salines. High concentrations of phosphates were avoided as 
buffering agents during metabolic experiments. They would increase the difficulties of 
determining the phosphates of the slices, and also are not part of the normal environment 
of tissues. Instead, bicarbonate and glycylglycine were used. Glycylglycine-saline 
contained: NaCl, 0.134m; KCl, 0.0054mM; KH.PO,, MgSO,, and CaCl,, 0.00134m, and 
glycylglycine brought to pH 7.4 with NaOH, 0.05m. Glycine, treated similarly, replaced 
glycylglycine in a few experiments. Bicarbonate-saline contained: NaCl, 0.124m; KCl, 
0.005M; KH.PO,, MgSO,, and CaCl., 0.00124m; NaHCO,, 0.021mM and was gassed with 
5 per cent (v/v) CO, in O,. Glucose was used as substrate at 0.012m and L-glutamic acid, 
neutralized with NaOH, at 0.02M. 

In most cases the salines (3 ml.) were contained in conical Warburg vessels of c. 20 ml., 
the slices added to them, and gas changes followed at 37° by the usual procedures for 
15-150 minutes. The slices were then removed with a mounted, bent platinum wire, 
drained and sometimes reweighed, and dropped into extracting fluid. For larger-scale 
experiments in which creatine phosphate was separated, some six or eight slices (total fresh 
weight about 0.35 to 0.5 g.) were added to 15 ml. of metabolic medium in a manometric 
vessel of about 100 ml. 

Two methods were used for determining phosphates. (a) Calcium-ethanol precipitations, 
necessitating about 0.5 g. tissue, and affording results for inorganic phosphates, the phosphate 
of phosphocreatine, and also the creatine of phosphocreatine. (6) A method of differential 
stability, applicable to c. 0.1 g. tissue, and determining inorganic phosphate and phosphates 
with the lability of phosphocreatine, without their chemical separation. The narcotics 
used were not found to interfere with the phosphate determination. 

Determination of chloral.—The method used was an adaptation of that of Adams (1942) 
for determining chloral in blood. It depended on the Fugiwara reaction in which a pink 
colour is formed from chloral and pyridine in strong alkali, and measured photoelectrically. 
We found specimens of pyridine, even after repeated distillation, to give high blank values. 
They were purified by boiling the pyridine (SO ml.) and 30 per cent (wv) NaOH (10 ml.) 
together for 5 minutes, and distilling the pyridine from the mixture. 

For the determination, | ml. tungstic acid solution (from one part 20 per cent (w v) 
Na.WO, and eight parts 0.167N—-H,SO,) was contained in each of a set of test-tube homo- 
genizers, 0.1-0.3 g. of tissue or tissue slice added to each, and the mixture immediately 
homogenized and centrifuged. Development and reading of the colour were done rapidly, 
as described by Adams, except that groups of up to four tubes were treated together: 
0.6 ml. of the supernatant from centrifuging was added to a mixture of 0.6 ml. 30 per cent 
NaOH and 0.2 ml. pyridine in a small glass-stoppered tube, the tubes placed in a vigorously 
boiling water bath for exactly | minute, then in ice-water for | minute and ethanol (1 ml.) 
added. They were read within 10 minutes, using the micro-cells of a Spekker absorptio- 
meter with a yellow-green filter (Ilford No. 605). 

Standard solutions of chloral treated in this way showed a linear relation between 
extinction and added chloral up to readings of 0.6 (about 60 «g. chloral). A given quantity 
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of chloral examined on different occasions gave variations in readings up to 15 per cent 
of their value, and a standard chloral solution was accordingly included with each batch 
of tubes in which colour was developed. Blank determinations in blood were always 
zero; brain preparations occasionally gave low blank values. Recovery of chloral was 
assessed by adding known quantities to 0.3 ml. blood, and preparing tungstic acid filtrates 
from the mixture. This gave the following results: chloral added, 25 »g., and found, 27; 
added, 50 »g., and found, 46; added, 75, and found, 73. 


RESULTS 
Phosphates in slices following metabolism in the presence of narcotics 


1. By chemical separation of inorganic and creatine phosphates.—By this means 
it has been shown (MclIlwain, Buchel, and Cheshire, 1950) that the phosphocreatine 
of brain slices, which after preparation fell to 10-20 y»g./g., rises during aerobic 
metabolism in glucose salines to stable values of about 45 pg./g. The rise occurs 
mainly during the first 20 minutes’ incubation and does not occur anaerobically. 
Conversely the very high inorganic phosphate of the brain after death falls during 
the experiment, and the ratio inorganic phosphate-P/phosphocreatine-P reaches 
a value of about two, which approximates to the value found in vivo. 

The presence of chloral or dial during aerobic metabolism tended to prevent or 
reduce the normal resynthesis of phosphocreatine. This was to some extent cor- 
related with, and could be understood in terms of, the inhibition of respiration 
caused by the compounds. Thus (Table I) the low concentrations of chloral which 
did not affect respiration had little or no action on creatine phosphate. To examine 
this correlation further, many more values were needed and we therefore turned to 
the other method of phosphate determination, as described below. 

2. Determination by differential stability—The majority of investigations here 
concerned chloral; some values also are recorded with ethylbutylbarbituric acid 
(soneryl) and diallylbarbituric acid (dial). The substances were examined under a 
variety of conditions and, in the concentrations at which they affected phosphates, 


TABLE I 
CHLORAL AND DIAL ON THE PHOSPHATES OF BRAIN SLICES DURING RESPIRATION in vitro 


| 





Respiration | Inorganic 








Creatine 
Reaction mixture | (ynmol./ | phosphate | phosphate 
g./hr.) | (ug.P/g.) (ug. P/g.) 
Glycylglycine, “glucose ; - ee 63 113 | 42.5 
Glycylglycine, glucose with chloral, 0.2 mg./ ‘ml. < 64 116 43 
Glycylglycine, glucose with chloral, 1.5 mg./ml. a 33 126 14 
Bicarbonate, glucose, and glutamate a os os — 110 | 6.8 
Bicarbonate, glucose, and glutamate with chloral, | 
0.1 mg./ml. i va ae sia - ae | --- 100 | 6.8 
Bicarbonate, glucose, and glutamate with chloral, | 
1.5 mg./ml. ‘a ~ i a .s im? -- 115 | 3.7 
Glycylglycine, glucose — ae 68 | 104 | 37.4 
Glycylglycine, glucose with dial, 0.5 mg. /ml. saat 60 191 27 
Bicarbonate, glucose va mat _: | 95 55 
Bicarbonate, glucose with dial, | mg. imi. aa cant _ | 149 | 39 





Determinations were by chemical separation, estimating the creatine phosphate after 
conversion to creatinine. Experimental period: 40 min. 
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they produced a consistent effect: namely, an increase in the ratio of inorganic 
phosphate to phosphocreatine or phosphates of comparable lability. 


The largest group of control values previously obtained for normal phosphates 
of brain, following metabolism in vitro, were after 75 minutes, with a glucose saline 
buffered with glycylglycine. Corresponding values in the presence of chloral are 
recorded in Table II. No consistent change in phosphates was found to be pro- 


TABLE U 
CHLORAL ON PHOSPHATES DURING RESPIRATION WITH GLYCYLGLYCINE AND GLUCOSE 





| 





Respiration Inorganic | Phosphates of 
—__—— — phosphate lability of 
—— - creatine 7 
Concn. | Timeof | phosphate ne 18 
chloral metabolism | Inhibition by — =| 
(mg./ml.) (min.) | Rate with chloral | (As % | a Creatine- 
chloral %( of control | (ug. P/g.)| change “ a ito P 
(emol./hr.) without chloral | from | (ug. P/g.) —— 
in same exp.) control) a 
control) | 
ee | ee eee r : eee 
0 75 68.5 95 45.5 2.1 
(S.D., 4.8) (S.D., 9) (S.D., 9) 

0.1 75 64.3 —6 106 4 47 5 2.1 
0.2 75 69.5 0 75 -12 52 11 1.4 
0.2 75 73.5 0 86 0 44 8 2.0 
0.4 75 68.5 6 129 +14 32 0 4.0 
0.75 75 66 ll 96 0 37 30 2.6 

1.5 | 75 40.6 59 120 0 12 55 10 
1.5 75 36.9 48 112 +11 26 41 4.3 
1.5 15 46.5 30 109 +4 46 10 2.4 
. | ae ge p 124 49 16 57 7.8 
1.5 195 39 43 113 +14 25 51 4.5 





Phosphates were determined by differential stability. The value in absence of chloral refers 
to 15 experiments. Percentage inhibition in individual experiments with chloral are 
calculated from the control value for that particular experiment. 


duced by initial levels of 0.1 and 0.2 mg. chloral/ml. The values in almost every 
case differ from the mean without chloral, by less than the standard deviation from 
the mean in the control values. The table records also the percentage difference i 
between each individual value with chloral, and the control without chloral in the 5 
same experiment. Here also the deviations are small. With these concentrations 
of chloral there was also no significant change in respiration. 


Progressive changes in respiration and phosphates are seen to follow 0.4, 0.75, 
and 1.5 mg./ml. of chloral. The most marked changes are in rate of respiration 
and in the level of phosphocreatine, both of which fall by about 50 per cent with 
1.5 mg. chloral/ml. When the effect on phosphocreatine of 1.5 mg. chloral/ml. was 
followed at different times its action was seen to be less at 15 minutes, but to change 
little if at all between 75 and 195 minutes. The lactic acid formed in the present 
experiments in the presence of chloral (Buchel and MclIlwain, 1950) causes a slow 
fall in pH. This was 0.2 unit or less at 75 minutes, which was the period of meta- 
bolism in most experiments. The fall became 0.7 unit at 195 minutes, but separate 
experiments showed the change in phosphates to be independent of change in pH. 
Inorganic phosphate tended to rise during the experiments in the presence of chloral, 
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ut the change was proportionally much less than that in phosphocreatine. Thus, 
5 experiments without chloral gave mean, 95: S.D., 9. Five experiments with 
'.5 mg. chloral/ml. gave mean, 116: S.D.,6. The ratio of inorganic/creatine phos- 
»hate also changed markedly in the presence of the higher concentrations of chloral. 
[he results with 1.5 mg./ml. for 75 minutes or longer gave a mean ratio of 6.6 
(uninhibited, 2.1). 

The picture with other buffers was similar (Table III). Most values are available 
for bicarbonate-glucose. Here 200 yg./ml. chloral had little action, but 750 and 














TABLE Ul 
CHLORAL ON PHOSPHATES, DURING RESPIRATION IN VARIOUS MIXTURES 
| — Inorganic | Phosphates of 
| Time Respiration phosphate | lability of creatine | Jnor- 
of = |————__—____ ———— —— phosphate | ganic-P 
; , Chloral | meta- : r — — 
Reaction mixture | (9. ml.)| bolism| Rate a ——- Change | Crea- 
j dy x P/g vy > , tine-P 
| (min.) | rt chloral (ug. P/g.) chloral (ug. E aad anu | 
} / € oO 
a Se | YA Peds RENEE Taco’ __ | TH) | 
Bicarbonate, glu- 
cose .. ae 0 75 ~ - 115 44 2.6 
(S.D., 15)| (S.D., 14) 
Bicarbonate, glu- 
cose... ea 0.1 | 75 —- —- 97 —11 | 35 —10 2.8 
Bicarbonate, glu- 
cose... aia 0.2 75 — — | 122 ;} +18 48 +12 2.5 
Bicarbonate, glu- 
cose... ‘i 0.75 75 -— _ 110 4 31 | —31 3.5 
sicarbonate, glu- 
cose .. ra 1.5 75 — _ 123 | +16 | 13 —T71 9.5 
Licarbonate, glu- 
tamate ne 1.5 75 -- —- 190 +24 | 46 —22 = 
slycine, glutamate 1.5 75 34 —48 173} +8 30 —20 | — 
:lyveviglycine, glu- 
tamate oa 1.5 30 43 — 49 234 +26 36 }; —39 | — 
:lyeylglycine, glu- 
tamate and glu- 
cose eP ‘as 5 150 42 — 56 116 +14 29 —47 | _ 
rlycine, glucose 1.5 75 24 —61 133 +49 13 —48 10 





Experimental details and expression of results: as Table II 


500 »g./ml. led to a progressive fall in phosphocreatine. A fall in phosphocreatine 
vas also found with glucose plus glutamate in glycylglycine buffer. Values in 
hicarbonate-glutamate and glycylglycine-glutamate were in the same sense, but the 
hange was less marked. 

The two barbiturates examined had effects similar to those of chloral. Table IV 
hows the effect of a concentration of soneryl which causes a 40—S0 per cent inhibi- 
ion of respiration. This is seen to be associated with an increase in inorganic 
/hosphate and a decrease in phosphocreatine, under the three sets of experimental 
onditions recorded in the Table. Dial caused comparable changes in phosphates 
ith markedly less effect on respiration. 


Phosphate distribution during the action of chloral 


The inorganic phosphates of both slice and metabolic medium have been deter- 
‘ined before and after metabolism in the presence and absence of chloral. In 
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TABLE IV 
BARBITURATES ON PHOSPHATES, DURING METABOLISM WITH VARYING BUFFERS 





Respiration Inorganic Creatine 
ili Barbiturate a P phosphate 
action mixture (mg./ml. ate ’ 
. ; (umol./ -_ ug./g Change g./g Change 
g./hr.) | */° i to) | 
Glycylglycine, glucose .. | Soneryl 0.3 37 39 90 +10 24 46 
Glycine, glucose .. .. | Soneryl 0.3 30 50 137 +- 54 16 40 
Bicarbonate, glucose .. | Soneryl 0.3 - — 127 +11 29 33 
Glycylglycine, glucose .. Dial, 0.25 62 6 127 | +3 26 — 35 
Glycylglycine, glucose .. Dial, 1.0 52 21 157 +27 <—10 80 
or more 





All experiments aerobic; time of metabolism, 75 min. 


the absence of chloral, a little phosphate was lost from slice to solution during 
incubation, and the same has been found to occur in the presence of chloral. After 
75 minutes’ respiration in glycylglycine saline with glucose as substrate, and 100 or 
200 »g. chloral/ml., inorganic phosphate in the medium rose from 33.5 to 37.2 and 
37.9 ng./ml. (weight of slices: 90 and 76 mg./3 ml. saline). This was almost the 
same as the change in the absence of chloral. After 75 minutes’ respiration in 
bicarbonate saline with glutamate as substrate, and 1.5 mg. chloral/ml., the change 
was from 33.5 to 39 png. P/ml. (weight of slices: 127 mg./3 ml.), again comparable 
to that in the absence of chloral. Chloral is not, therefore, causing any major 
diversion of phosphate metabolism. 


Concentration of chloral in brain tissues during its action in vivo and in vitro 


During action in vivo.—The active dose of chloral in guinea-pigs was found to 
be very close to that in rats, which had previously been studied in detail (Olszycka, 
1938). Doses of chloral were chosen which (Table V) (a) just caused drowsiness 
and inactivity, and (b) resulted in complete inactivity for about 75 minutes, though 
the animals responded to touching the eye or to firm pressure on a limb. Those 
doses, given intraperitoneally, are seen to yield concentrations of chloral of about 
60 and about 100 y»g./g. respectively, in the brain during their action. The con- 
centration in the blood was approximately the same. No marked variation in con- 
centration was found in the different parts of the brain examined, though little 
separation could be attempted here, as about 0.3 g. was required for analysis. Dupli- 
cate specimens of the same portions of the brain agreed well. The results are in 
general agreement with those of Archangelsky (1901) who with rabbits and dogs 
found comparable concentrations of chloral during narcosis. A large measure of 
uniformity in the distribution of chloral in the brain of dogs was also reported by 
Veit and Vogt (1935) and the levels of chloral which can be derived approximately 
from the data of these authors are also of the same order as those in Table V. 

During action in vitro.—After metabolic experiments lasting | to 14 hours at 
37° and pH about 7.4 some 25%, of added chloral has been found to be lost. Thi: 
reaction is associated with acid formation and the displacement of gas from 
bicarbonate-containing solutions. We have not investigated it further. The bulk o! 
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TABLE V 
CHLORAL IN BLOOD AND BRAIN OF GUINEA-PIGS AFTER INTRAPERITONEAL INJECTION 











Dose Time Concentration in (ug./g. or /ml.) 
(ue-lg, | ant | — cerebral] Subcortical |.) animals 
2) , “a | | ‘ | 
tacit tion Blood cortex | white matter | Cerebellum | 
200 5 60 52 47 | 72 Slightly drowsy 
200 10 _- _- — — Half asleep 
200 o ~— — —- — | Very drowsy 
200 125 —- —- —- —- | Normal 
225 3-5 — ~~ ~ --- Progressively 
| | _ More inert 
225 5 90 98 94 94 | Lying inert 
225 14 90 82 82 80 | Lying inert 
225 37 95 80 65 90 Lying inert 
225 75 - _ a Begins to stir 
225 100-150 - --- ~ | Standing but less 
active than 
normal 





Chloral administered as a 10°, aqueous solution. 


the added chloral, which remained at the end of the experiment, was distributed in 
approximately equal concentrations in the slices and in the solution. This is shown 
in the different experiments of Table VI. These were carried out with concentrations 
of chloral which were close to or just less than those causing inhibition of respiration, 
and these concentrations are immediately seen to be greater than those found in the 
brain during narcosis. 


TABLE VI 


CHLORAL IN BRAIN SLICES AFTER METABOLISM IN VITRO 





Chloral finally 





Slice wt. Conditions of -—————-- —— 
Chloral (mg. in 3 ml.) metabolism In slice 

Poy In soln. | yg jg. ug./g. 
a " Period (#8-/ml.) | initial final 

Initial Final Medium (min.) wt. wt. 

200 109 138 | Glycylglycine, glucose 60 150 | 205 158 
200 100 126 Glycylglycine, glucose 60 154 205 158 
400 67 83 Glycylglycine, glucose 60 266 375 300 
400 72 95 Glycylglycine, glucose 60 275 395 284 
750 65 Glycylglycine, glucose 60 — 898  690* 
750 86 Glycylglycine, glucose 60 — 884 680* 
1,500 65 Glycylglycine, glucose 60 -- 1,430 1,100* 
1,500 58 . | Glycylglycine, glucose 60 — 1,430 | 1,100* 
1,000 93 —_ Bicarbonate, glucose 75 ms 770 590* 
1,000 110 Bicarbonate, glucose 7 = 750 580* 
1,500 63 Bicarbonate, glucose 75 — 1,265 980* 
1,500 98 — Bicarbonate, glucose 75 — | 1,115 860* 





Experiments were aerobic, with guinea-pig brain cortex. Not all slices were weighed at 
the end of experiments, and the values marked* were calculated from mean increase in 
slice-weights under the same metabolic conditions in other experiments. 
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DISCUSSION 


An immediate conclusion from our findings is that the inhibition of respiration 
by narcotics in vitro has very different characteristics from that occurring in vivo 
In vitro, levels of inorganic phosphate in brain cortex are raised and those of creatine 
phosphate are lowered, and these changes are the opposite of those recorded for 
the whole brain in vivo. Opposite changes, it will be recalled, are also found to be 
caused by narcotics in the level of lactate: a fall in vivo and a rise in vitro. 

The changes in vitro appear likely to follow from the depression of respiration 
Inhibition of phosphorylation, parallel to inhibition of respiration by phenobarbitone, 
has been observed in brain homogenates by Eiler and McEwen (1949). We have 
made similar observations with chloral (Buchel, see Case and MclIlwain, 1950). In 
the slices, concentrations of the phosphates are being observed and not their rates 
of change. The lowered concentration of energy-rich phosphates such as phospho- 
creatine, and the rise in inorganic phosphate, can then be understood as sequelae 
of the depressed respiration. There are individual differences between the different 
narcotics in the degree of change in respiration and phosphates, which we have not 
yet studied. Further, Johnson (1941) and Belitzer (1939) have shown that the break- 
down products of the energy-rich phosphates can be expected to stimulate lactic 
acid formation. The increase in lactic acid resulting from the narcotics may thus 
also be secondary to their inhibition of the phosphorylation normally accompanying 
respiration. 

The concentrations of chloral active in vivo have, however, none of these effects 
when tested in vitro. Presumably, therefore, they are acting on some more susceptible 
entity which is producing the depression of activity observed as narcosis. It is 
extremely interesting to see that the biochemical changes observed in vivo at the 
lower concentrations of narcotics can be regarded as following from a depressed 
functional activity of the brain. Such activity appears to be supported by metabolism 
through the energy-rich phosphates (see for example MclIlwain, 1950) and lesser 
activity could be understood to leave higher levels of creatine phosphate, and to lead 
to the formation of less inorganic phosphate and free creatine. Lower lactic acid 
can then follow by the mechanism referred to above, and lower respiration through 
the observation that it, too, is dependent on the level of inorganic phosphate (Banga, 
Ochoa, and Peters, 1939; see also Long, 1945). Acetylcholine, which requires 
adenosine phosphate or a comparable compound for its formation (Nachmansohn 
and Machado, 1943 ; Feldberg and Mann, 1946) also accumulates during narcosis 
(Richter and Crossland, 1949). 

This study offers no explanation of how narcotics in vivo may cause depression 
in the functioning of the central nervous system. Analyses for chloral or phosphates 
in vivo and in vitro have concerned relatively large portions of the brain and it is 
possible that a primary inhibition of respiration may occur in vivo at a small centre. 


more susceptible than the brain as a whole. A more direct action on electrical or 


ionic phenomena is equally possible. 


SUMMARY 


1. Narcosis of guinea-pigs by chloral is associated with the presence of 60-100 jg. 
chloral/g. brain. This is close to the concentration of chloral in the blood of the 
animals at the same time. 
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2. Chloral caused no changes in the inorganic phosphate and creatine phosphates 
ff slices of guinea-pig brain, respiring in vitro, when it was present in the tissue 
a concentrations of 100—200 yg./g. 


3. Higher concentrations of chloral in vitro, which gave concentrations in the 
‘issue Of 300—1,000 yg./g., inhibited respiration, decreased creatine phosphate, and 
increased inorganic phosphate. 


4. Dial and sonery] also lowered creatine phosphate and raised inorganic phos- 
phate in tissue slices, in concentrations in which they inhibited respiration in vitro. 


5. The inhibition of respiration caused in vitro by narcotics has therefore very 
different characteristics from that observed in vivo, when phosphocreatine is raised 
and inorganic phosphate lowered. It is concluded that the biochemical changes 
found in vivo in the bulk of the brain are a result of depressed functional activity 
caused by the narcotic, and not, as has been urged, its cause. 
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Growth of the N.C.T.C. 7072 of B. licheniformis on a synthetic ammonium- 
lactate medium (Belton, Hills, and Powell, 1949) gives rise to antibiotic material 
which has been named licheniformin (Callow, Glover, D’Arcy Hart, and Hills, 1947). 
The AS strain of B. licheniformis on a glucose-ammonium-lactate medium (Hills, 
Belton, and Blatchley, 1949) gives rise to another antibiotic material which has 
been called ayfivin (Arriagada, Savage, Abraham, Heatley, and Sharp, 1949). If 
the AS5 strain is grown on the ammonium-lactate medium of Callow et al., antibiotic 
material is produced which is a mixture of polypeptides resembling licheniformin 
and for which the provisional name of licheniformin AS is proposed until further 
investigation shows whether or not it is identical with licheniformin. 

This communication gives the results of some biological observations on 
licheniformin A5 hydrochloride and two fractions of it. 


METHODS 

Materials 

The antibiotic material was isolated from the culture medium by absorption on Decalso 
F, elution with 10 per cent (w/v) sodium chloride solution, precipitation as picrate, and 
conversion to hydrochloride. The solid product from 18 batches representing 2,300 litres 
of culture was bulked and referred to as licheniformin A5(DB.1). This polypeptide mixture 
contained the total biologically active material of the cultures. It can be separated into 
fractions by fractional elution from an acid washed alumina column at controlled pH. 
The fraction eluted by 10 per cent (v/v) methanol in ethanol is referred to as DEA.1, and 
that eluted by 50 per cent (v/v) methanol-water as DEA.2. 

The materials used were prepared for us by our colleagues L. H. Kent and B. T. Tozer. 
A description of the methods of isolation is in course of preparation. 


Dilution assay 

The biological activity of licheniformin A5 was expressed in units based on the inhibi- 
tion of M. phlei, strain N.C.T.C. 525, after 48 hours’ incubation in tryptic beef broth 
(0.5 per cent (w/v) N) at 37° C. The technique used was that described by Callow er al. 
(1947) and by Belton et a/. (1949) in which the antibiotic is serially diluted in 2 ml. amounts 
of broth in sterile test-tubes, and a very small piece of M. phiei pellicle is floated on the 
surface of the medium in each tube. Final results were obtained by testing in triplicate 
with 50 per cent differences between dilutions, when potency ratios less than 1.5 were 
not significant. 
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The end—point chosen was not complete inhibition of growth, but the presence of easily 
visible growth extending over not more than a quarter of the surface. The pooled material 
B.1 was shown to produce this degree of inhibition in a dilution of 1 part in 6 x 10°. 
it was therefore deemed to have 6 x 10° units per g. (1 unit = 0.166 wg.), and estimations 
of the activity of unknown materials were carried out in comparison with this standard. 
Solutions (100 mg./ml. distilled water) showed no loss in biological activity during storage 
at pH 3 and 6.5, and at 0° C. and 25° C. for a period of 120 days, in a highly replicated 
test such that the limits for a significant difference P = 0.95 were 74-134 per cent. 

The biological activity of fraction DEA.1 per unit mass was 1.8 times greater than 
that of the crude material, but the activity of fraction DEA.2 was only half as great as 
that of the crude material. 

Assays of licheniformin A5 in the blood and tissues of experimental animals were 
carried out on pooled samples from groups of ten animals. Normal blood and tissue 
suspensions did not affect the end-point. To facilitate the homogenizing of the samples 
of tissues, they were lyophilized, then subsequently ground and suspended in sterile distilled 
water. 


ACUTE TOXICITY FOR ANIMALS 


Some species of laboratory animals were injected by the three common parenteral 
routes. Table I shows the weighted means and fiducial limits (P = 0.95) of the 
LD50 doses in mice, together with the average values obtained from a few tests 
in guinea-pigs and rats. 

TABLE | 
THE LD50 DOSES OF LICHENIFORMIN A5 














| Mouse (20 g.) 
Route Guinea-pig Rat 
Weighted Fiducial (300 g.) (200 g.) 
mean limits 
Subcutaneous mg. ns ; | 13.4 | 11.73-14.37 : 200 60 
mg./kg. .. wel 670 587-719 670 - 300 
Intraperitoneal mg. ei ne 9.52 9.14-9.92 150 
mg./kg. .. “ 476 457-496} 500 
Intravenous mg. .. - +“ | 7.36 7.11-7.61 30 
mg./kg. : - 368 356-381 100 








When the drug is injected subcutaneously the rat is twice as sensitive as the 
mouse and guinea-pig. Of the two latter species the guinea-pig is much more 
ensitive than the mouse to intravenous injections. 

After subcutaneous injection of the LDSO dose there is a short transient 
veriod of depression followed by absence of any symptoms for a day or two until 
in increasing degree of weakness and prostration terminates fatally between the 
econd and fourth day. Intravenous injections in the lethal range produce the 
‘ollapse and death of the animal instantaneously, or very shortly after the completion 
‘f the injection. This syndrome was not affected by adjustment of the pH of the 
lrug-solution within the range 6.6-8.2, or by the inclusion of calcium lactate in 
he injections to the maximal degree tolerated by mice. 

The acute toxicity of licheniformin AS for the mouse by the subcutaneous 
oute (670 mg./kg.) is of the same order as that of licheniformin and ayfivin, but 
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is about twice that of streptomycin (1,250 mg./kg.) and five times that of aureomycin 
(3,000-4,000 mg./kg.). Intravenously in the mouse, licheniformin A5 is among 
the least toxic of the common antibiotics, being slightly less toxic than licheniformin, 
ayfivin, chloromycetin, and some samples of streptomycin. It is several times 
less toxic than aureomycin by this route. 


PHARMACOLOGY 
Concentration in blood 
Mice were used in experiments to determine the concentration of licheniformin 
AS occurring in the blood, kidneys, and other tissues after single and repeated 
subcutaneous injections in saline. As will be seen from Fig. 1, single doses resulted 
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Fic. 1.—Lichenitormin AS 
concentrations in_ the 

! blood of the mouse after 
Menvas subcutaneous injections. 
(A) 0.5 mg. per mouse, 
three doses at 3-hourly 
intervals. (B) 1.0 mg. 
per mouse, repeated after 

4) , 4 hours. (C) 10.0 mg. 

per mouse. 
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in an early peak concentration in the blood followed by a fairly rapid fall which was 
especially steep with small doses such as | mg. It will be noted that a large dose 
such as 10 mg. is relatively persistent in the blood and 90 per cent of the maximum 
is still in circulation at the 6th hour, whereas, after a dose of | mg., only 8 per cent 
of the maximum remains after four hours and it is just detectable after five hours. 
Graphs A and B of Fig. | also show that a second injection, if given as the effect 
of the first injection is waning, immediately raises the blood level to a concentration 
nearly double that from the single dose. Further injections do not result in the 
peak being raised any higher, and as a steep fall occurs in the blood level after 
each peak the repeated injections simply restore temporarily the maximal blood 
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concentration achieved by the second dose, and also gradually prolong the persistence 
if drug at its post-maximal levels before excretion. 


Distribution in body 

The extent to which the drug injected subcutaneously became dispersed in the 
body of the mouse was determined by assaying the blood, lungs, liver, kidneys, 
and spleen at various periods after the time of dosing. It was found that the anti- 
biotic, apart from its fleeting appearance in the blood, was very largely to be found 
in the kidneys and urine. 

Quantitative testing of mouse urine was not possible because of lack of material, 
but the small amounts of urine available were shown to cause in vitro inhibition 
of the test organism, and from the fact that the kidney alone of the body tissues 
significantly takes up the licheniformin AS from the blood, as the level in the latter 
falls, it can be safely deduced that excretion is mainly in the urine. 

After a dose of 1 mg. a typical residual distribution in the tissues was kidneys 
96 per cent, liver 2-4 per cent, and lungs 0.1—-0.2 per cent. If the relative concen- 
trations in the blood and kidneys were determined frequently—commencing 30 
minutes after a dose of 1 mg.—it was found (Table II) that oniy within the first 
hour did the blood contain more drug than the kidneys, and thereafter as the level 
in the blood fell to zero the concentration in the kidneys rose rapidly to a maximum. 


TABLE Il 


THE RELATIVE DISTRIBUTION OF LICHENIFORMIN A5 BETWEEN BLOOD AND KIDNEYS OF THE MOUSE 
Dose: 1 mg. (6,000 units) subcutaneously 








Time in hours : 4 l 14 2 3 34 4 5 6 15 
Blood; units/2 ml. ae .. | 260 300 230 180 120 55 30 2 0 0 
Kidneys; units/2 kidneys .. | 160 300 400 770 1,880 1,780 1,300 1,780 1,600 1,780 
Percentage in blood relative to | 
kidneys .. a if .. | 62 SO 37 19 6 3 2 0.1 O 0 
Percentage in kidneys relative to | 
blood .. e a .. | 38 SO 63 81 94 97 98 99.9 100 100 





Chis concentration in the kidney persisted for some hours and then slowly decreased 
during succeeding weeks. 

In eight experiments in which the mice had been kept for 2-3 weeks after having 
had a single dose or a series of doses, the activity per gramme of kidney tissue was 
found to be 40-60 per cent of the peak level, with an average value of 52 per cent. 
In three of the above experiments some mice of the group were kept 12-15 weeks 
after their last dose, and the residual activities in the kidney tissue relative to the 
peak concentration were respectively 13, 16, and 18 per cent. 

As with the blood levels, the maximum in the kidney from a small dose such 
is 1 mg. was reached earlier than from a large dose such as 10 mg., the kidney 
maxima being reached in 3 and 6 hours respectively. The maximal concentration 
reached in the kidney tissue, and therefore the concentration remaining for a period 
subsequently, was with both large and frequently repeated doses less than proportional 
(o the number of units injected. Thus an increase in the dose from 1 to 10 mg. 


2H 
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only raised the concentration in the kidney tissue fivefold. Six doses of | mg. at 
three-hourly intervals produce a tissue level only three times greater than that from 
one dose, and the increase from twelve doses was only sixfold. 

When mice were dosed orally with 10 mg., the resulting peak blood-level made 
a transient appearance an hour later and was extremely low, being only 20 units/ml. 
compared with the value of 1,300 reached after a subcutaneous injection. By the 
latter route also this dose caused a very marked cellular reaction in the kidneys, 
whereas the oral dosing caused no detectable change. 

Oral dosing is therefore a wholly unsatisfactory way of attempting to achieve 
a general distribution of licheniformin AS5 in the body. 


Nephrotoxicity 


The nature and extent of the cellular changes in the kidney resulting from 
single and repeated subcutaneous doses of licheniformin A5 were intensively studied 
in the mouse, and some comparative results were also obtained from the guinea-pig. 
rat, and rabbit. 


Mouse 


Histological examination was made of the kidneys of all mice killed for biological! 
assay of the licheniformin A5 level in blood and organs. 

It was established at the outset that the kidneys were the only organs showing 
specific changes. These specific changes vary in degree with the dose administered, 
and after any one dose the degree of change increases from hour to hour up to 
20-30 hours after the dose. With low dosage return to normal is complete, with 
larger doses there is permanent change in the kidneys. 

At first haemalum eosin preparations were studied. The earliest, and with 
low dosage often the only, change was increased eosinophilia of the epithelium of 
the first part of the nephron (the proximal convoluted tubules). Larger doses 
brought about a change in the cells where eosinophilic granules were visible and 
sometimes large eosinophilic globules were found in the epithelial cells or free in 
the lumen. These changes were entirely confined to those epithelial cells normally 
showing a basal palisade of mitochondria and a brush border lining the lumen- 
i.e., proximal convoluted tubules in the cortex and its terminal straight portion in 
the cortico-medullary zone (subcortical zone). When special stains for mitochondria 
were used these grades of change were found to indicate a progressive alteration 
in the mitochondria of a character not met with in dealing with other nephrotoxic 
substances. It was suggested that this unusual alteration was due to the action of 
residual licheniformin A5 in the renal tissue. As licheniformin itself would theo- 
retically be washed out of the tissues during processing, a fixative consisting o! 
formol saline with 1 per cent (w/v) phosphotungstic acid added was used so that the 
insoluble phosphotungstate of licheniformin might be preserved during processing. 
In subsequent batches of animals, part of the kidney reserved for histology was fixed 
in this special fixative and the remainder fixed in ordinary fixatives—Helly being 
used as a routine. 

Paraffin sections of phosphotungstic formol fixed material were used. A 
search for some specific method of rendering the supposed licheniformin A5 com- 
pound visible led to the trial of numerous sulphonated dyes. Little success was 
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achieved, as those stains which gave some distinctive colour to the supposed residual 
deposits also stained the rest of the tissue deeply. It was thought that the phos- 
photungstate might reinforce the phosphotungstic acid present in Mallory’s phos- 
photungstic acid haematoxylin (phostox). Normally, formalin fixed sections do 
not take up this stain under 12-24 hours. The phosphotungstic acid formol fixed 
sections of kidneys showing damage by licheniformin gave an almost immediate 
and very clear indication of the damaged mitochondria which became a deep blue- 
black after 10-30 minutes. The only other tissue elements stained in these conditions 
were elastic and connective tissue fibres. This ‘“‘ phostox reaction” proved of 
considerable value in detecting early changes and grading the degree of damage. 

Formol fixed material from the same animals did not give the ‘“ phostox 
reaction.”” Kidneys damaged by various other nephrotoxic agents, such as mercuric 
chloride, uranium nitrate, sodium acid phosphate, and polymyxin A, when processed 
in a similar way did not give the reaction. The study of series of these animals 
shows that the ‘‘ phostox reaction ’’ shows up the earliest and slightest degree of 
damage; Altmann’s acid fuchsin method for mitochondria shows up damage 
slightly more severe, and the lesions must be very much more advanced to show 
up when a routine haemalum and eosin stain is used. 

The final assessment of damage has been worked out on the histological changes 
seen in Altmann preparations, as it is possible to compare the changes directly with 
examples of renal damage by other substances. Also the overall changes in the 
kidney can be studied in the same preparation as that used for study of the specific 
mitochondrial change. 

An approach can be made to the problem of studying the renal damage either 
by giving a single subcutaneous dose just below the LDSO level and examining 
the kidney at two-hourly intervals up to twenty-four hours, or by dosing groups 
of animals with smaller single doses and examining the kidneys at a fixed period 
such as twenty-four hours after injection. 

By giving a large subcutaneous dose of 10 mg. to groups of animals and exam- 
ining at two-hourly intervals the following stages of damage have been worked out. 

Stage I.—The earliest detectable change is seen at 2 hours. The mitochondria 
in the cells of the first part of the proximal convoluted tubule show breakdown 
into granules. The granules pass towards and may be discharged into the lumen 
with some fragmented portions of cytoplasm. Fraying of the innermost layer of 
the cytoplasm is found throughout the whole first part of the nephron and can be 
seen in the straight terminal portion in the subcortical zone. 


Stage I1I1—At 4 hours the mitochondria in the proximal convoluted tubule are 
almost all broken up, and cytoplasmic fragments with mitochondrial granules are 
present in the lumen of the first part of the proximal convoluted tubules, and this 
change extends further down the convoluted part of the tubule. This is most clearly 
seen in the subcapsular zone of the cortex where the convolutions form the bulk 
of the renal substance. 


Stage III—At 6 hours the mitochondrial fragments are irregular in size and 
shape and the lumen is filled with fragments and cytoplasmic debris. The subcapsular 
convolutions become dilated but are filled with debris. The terminal part of the 
proximal tubule (the straight tubule) in the deeper layers of the cortex and in the 
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subcortical zone shows degenerative changes. At this stage the alteration in the 
renal cells can be recognized in haemalum eosin preparations. 

From 6 hours onwards the extent of the changes increases. The maximum 
alteration in the mitochondria is reached about 15 hours after injection, when 
recovery or further cellular degeneration occurs, depending on the individual 
sensitivity of the mice. 


Stage 1V.—By 24 hours a stage is reached in which fresh cellular damage is 
negligible. In the first part of the proximal convoluted tubule mitochondrial 
granules are now large and irregular and may be in the lumen or within the cyto- 
plasm as globular aggregates. In haemalum eosin preparations these aggregates 
stain with eosin and correspond to the globoid hyaline droplets described by some 
authors. 

At Stage IV the condition of the main mass of the convoluted part of the 
proximal tubule (best seen in the subcapsular area) is the most characteristic feature. 
This part of the tubule is dilated and filled with cytoplasmic debris and mitochondrial 
fragments. The epithelial cells are thinned and their nuclei show changes. In 
some animals mitoses are frequent, and in others, where the condition seems more 
severe, the nuclei stain poorly. The lower straight part of the tubule is dilated and 
contains casts. 

Stage V.—At 24 hours after a dose of 10 mg. all changes tend to diminish and 
restitution takes place in the majority of animals; however, some mice, presumably 
more constitutionally susceptible, show changes of a more advanced character such 
as were regularly obtained in the survivors after single doses above the LDSO. In 
mice surviving a dose of 20 mg. at 24 hours the changes of Stage IV are present, 
but the epithelium of the main mass of the proximal convoluted tubule shows definite 
necrosis and the lumen of the tubule is filled with cellular debris and casts. 

The five stages of tissue-reaction described above can be recognized at charac- 
teristic intervals of time not only after a single large dose (e.g., 10 mg.), but the 
maximal effect of smaller doses can also be described in these terms. Thus single 
doses of 1, 2, or 5 mg./mouse produce in the kidney within 24 hours, respectively, 
Stages I, Il, and III. 

Examination of groups of mice kept for 2-3 weeks after being injected showed 
that, where only Stages I-III had occurred, no kidney abnormality persisted. Where 
Stage IV had been reached, slight fibrosis of the kidney insufficient to interfere 
with renal function might result. In a proportion of mice Stage V is followed by 
relatively severe changes including glomerular damage. 

Table III summarizes the results from some of the experiments on mice in 
which the reaction to single and multiple doses was studied. 

The single 10-mg. dose (nearly LDS0) has already been shown to produce a 
small degree of permanent scarring, and an equivalent single dose of fraction DEA.1 
caused slightly less reaction. However, Exps. 4 and 5, in which a comparison was 
made of the effect of three-hourly doses of the two materials, show that this latter 
fraction was not less nephrotoxic than the parent material. 

Exp. 2 shows that fraction DEA.2, also, was not sufficiently less toxic than 
the control when single doses of comparable biological activity were given to 
mice. 
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TABLE Iil 
THE EFFECT OF SUBCUTANEOUS INJECTIONS IN MICE 





Blood | Kidney 





























Exp. Dosage concn concn. Kidney histopathology 
Total units/ml.| units/g. 
Mg. units | at peak | at peak Stage Sequel 
—_ == eat al r een nq = a | | 
1 Batch DB.1 .. | 10 Once 60,000 | 1,300 30,000 IV Return to normal 
Fraction DEA.1 5 Once 54,000 1,100 22,000 II Return to normal 
2 Batch DB.1 .. 2.5 Once 15,000 | 280 | 11,000 II Return to normal 
Fraction DEA.2 5.0 Once 15,000 | -— 6,700 | I Return to normal 
3 1.0 Once 6,000 | 180 6,400 I Return to normal 
4 10 x 6 3-hourly 36,000 250 18,000 III 
one day | 
< 12 Two days 72,000 | 250 | 36,000 IV Fibrosis 
x 18 Three days 108,000 | 250 21,000 | IV, V_ Fibrosis andscar- 
ring 
5 Fraction DEA.1 0.5 x 6 3-hourly 32,400 24,000 | II 
one day 
< 12 Two days 65,000 | . 36,000 IV 
Three days 97,400 37,000 V Fibrosis and scar- 
ring 
6 0.25 x 6 3-hourly 9,000 | | 9,500 | I 
one dav | 
12 Two days 18,000 | 40 11,000 II Mild local fibrosis 
8 Three days 27,000 50 16,000 III Slight general fib- 
rosis 
7 0.5 x 14 Twice daily 42,000 60 9,000 III Return to normal 
one week 
28 Two weeks 84,000 70 8,500 Ill Return to normal 
8 0.2 « 14 Twice daily 16,800 40 11,000 | II Return to normal 
one week 
28 Two weeks 33,600 | 30 | 7,500 | Ill Return to normal 





With regard to the toxicity of the bulk material, it will be seen that as the level 
of dosage is lowered three-hourly doses of 1 mg. (Exp. 4) can safely be given for 
one day and only a small degree of scarring without impairment of function occurs 
by the end of the second day. Subsequently, however, further doses cause fibrosis. 
Reducing the size of the dose to 0.25 mg. but retaining the three-hourly administration 
results in only temporary changes with, however, a tendency towards early fibrosis 
in local areas. If the number of doses per day is reduced as in Exps. 7 and 8 from 
six to two, a larger total amount of licheniformin A5 can safely be given. The 
longer interval between doses favours excretion, the kidneys suffer less damage, 
and relatively less drug remains fixed in their tissue; thus doses of 0.5 mg. or 0.2 mg. 
when given twice daily to mice for two weeks caused only a temporary reaction in 
the kidneys with return to normal within a short time. 


Rabbit, guinea-pig, and rat 


The equivalent of three-hourly injections of 1.0 mg. and 0.25 mg. in the mouse 
was given on a body weight basis to groups of rabbits, guinea-pigs, and rats and 
continued for two days. 
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Sensitivity to the nephrotoxic action of licheniformin AS varied between the 
species. and the results are summarized in Table IV. The rabbit was easily the 
least affected, and three-hourly injections at the higher level of dosage produced 
only minimal kidney reaction, even after two days. The guinea-pig and mouse 
were about equally sensitive, although it was noted that the guinea-pig survivors 


TABLE IV 
THE EFFECT OF SUBCUTANEOUS INJECTIONS IN DIFFERENT SPECIES OF ANIMALS 





Blood Kidney 











Animal Dosage concn. concn. Kidney histopathology, 
Exp. species Total units/ml. units/mg. 
Mg./kg. units at peak at peak Stage Sequel 
9 Rabbit 50 x 12 3-hourly 7,200,000 450 103,000 Almost None 
(2,000 g.) 2 days normal 
Guinea-pig 50 « 12 3-hourly — 1,080,000 320 | 44,000 iI Diffuse fibrosi- 
(300 g.) 2 days 
Mouse 50 =~ 12 3-hourly 72,000 250 36,000 IV Fibrosis 
(20 g.) 2 days 
Rat (200 g.) 50 « 12. 3-hourly 720,000 1,900 28,000 Vv Diffuse fibrosis. 
2 days glomerular 
changes 
10 Rabbit 12.5 « 12 3-hourly _ 1,800,000 140 52,000 Almost None 
(2,000 g.) 2 days normal 
Guinea-pig 12.5 x 12 3-hourly 270,000 60 15,000 | Irregular slight 
(300 g.) 2 days fibrosis 
Mouse 12.5 12 3-hourly 18,000 40 11,000 II Mild local fib 
(20 g.) 2 days rosis 
Rat (200 g.) | 12.5 x 12  3-hourly 180,000 270 12,000 lV Diffuse fibrosis, 
2 days glomerulat 


changes 





when examined three weeks later had more kidney fibrosis than was to be expected 
from the mild original reaction. The rat, which had already been shown to be more 
susceptible to the general toxicity of licheniformin, was now found to be very sensitive 
to the nephrotoxic action. 

Three-hourly injections at the lower level of 12.5 mg./kg. confirmed the above 
order of species sensitivity, the kidneys of the rabbit being scarcely different from 
normal, the guinea-pig and mouse suffered only to a mild degree, but the rat again 
showed widespread damage. The rabbit kidney shows remarkably little cellular 
change considering the relatively high concentration of residual licheniformin A5 
per gramme of tissue. On the other hand, the rat kidney shows a marked cellular 
degeneration although the concentration of drug in the tissue is relatively not high, 
but it is rather dammed back in the blood stream. 


DISCUSSION 


Any new antibiotic to be of therapeutic value must prove to be relatively active 
against one or more species of pathogenic micro-organism, and secondly the effective 
dose or series of doses must not be toxic to the extent of causing serious permanent 
damage to the tissues of the host. 

Licheniformin has been shown to fulfil the first proviso by the work of Callow 
et al. (1947), who found that the material, in vitro and to a certain extent in vivo, 
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significantly inhibited a series of pathogenic micro-organisms including streptococci, 
staphylococci, the anthrax bacillus, and also, to a certain degree, the tubercle bacillus. 
\ brief in vitro study of the inhibitory activity of the licheniformin AS used in this 
work has produced similar results with the first three organisms mentioned above. 
The sensitivity of M. tuberculosis was not examined. 

Licheniformin A5 is of moderate general toxicity, being only slightly more toxic 
to mice by the subcutaneous route than is streptomycin. The intravenous route 
is in general not the safest route for the administration of most of the common 
antibiotics. However, by this route the LDSO dose of licheniformin AS for mice 
is relatively favourable, compared with that of some other antibiotics already in use. 
Along with some other antibiotics such as polymyxin A, bacitracin, and ayfivin, 
however, it causes, above a certain low level of dosage, serious damage to the 
kidneys in certain species of experimental animals. 

In order to avoid lasting damage in the kidneys the maximal safe level of 
subcutaneous dosing in the mouse per kg. body weight was found to be a single 
dose of 125 mg. Twice-daily doses of 25 mg. could be given for at least two weeks 
and most probably for much longer, and three-hourly doses of 50 mg. and 12.5 mg. 
given for one and three days respectively produced no lasting effect. 

The resulting blood levels would be a transient concentration of about 250 units/ 
ml. from the single dose, a twice-daily transient peak of about 70 units/ml. from 
the second course described above, and a maintained level of 250 units/ml. for 
one day, or 50 units/ml. for three days from the respective courses of three-hourly 
doses. As the biological unit is based on the in vitro inhibition of M. phlei, which is 
approximately 10-30 times more sensitive than B. anthracis or M. tuberculosis, the 
blood concentrations resulting from the twice-daily dosing or the three-day course 
in the mouse—namely, maxima of 70 and 50 units/ml. respectively—would appear 
to be lower than is desirable as a therapeutic level for combating such pathogens ; 
thus, if a pathogenic micro-organism was only a tenth as sensitive as the test organism 
M. phlei by in vitro methods, the above maximal blood concentrations might be 
considered to represent 7 and 5 inhibitory units/ml. blood for this particular pathogen. 
It is obvious that these blood levels, which result from two of the finally selected 
courses of repeated doses in the mouse, have a lower concentration of inhibitory 
units than is usually aimed at in chemotherapy. 

Different species of laboratory animal were shown to differ in their sensitivity 
to the acute toxic effect of licheniformin A5 and also to its nephrotoxic action; 
as regards the latter effect the rabbit was relatively unaffected, but the kidney damage 
suffered by the mouse, guinea-pig, and especially the rat has led to the conclusion 
that both the wider use of licheniformin AS in its present state of purity and any 
extension of animal experiments would be unjustified. 


SUMMARY 
Some pharmacological evidence has been obtained on the ‘antibiotic licheni- 
formin A5, which is a polypeptide mixture produced by B. licheniformis (A5) under 
certain specified growth conditions. 
1. The acute toxicity for mice by the subcutaneous route is not great, being 
570 mg./kg., which is of the same order as that of several of the other polypeptide 
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antibiotics, while intravenously (370 mg./kg.) it is relatively less toxic than the 
others. 


2. A proportion of the material injected (initially 10-30 per cent and diminish- 
ing as the injections are continued) remains for a time in the tissue of the kidneys, 
especially in the convoluted tubules of the first part of the nephron. The concen- 
tration diminishes subsequently, but after three months 15 per cent of the original 
level persists. 


3. The amounts which can be injected subcutaneously in the mouse without 
causing permanent damage to the kidneys have been determined by histological 
study. The maximum daily dosages tolerated per kg. of body weight are as follows 
(all daily totals): 300 mg., in six three-hourly doses for one day; 125 mg., in a 
single dose; 75 mg., in six three-hourly doses for three days; 50 mg., in twice-daily 
doses for 14 days and longer. 

4. The mitochondria of the affected cells are prominently involved in the 
cellular reaction, and the stages in the cellular degeneration are described in detail. 


5. Different species of laboratory animals are not equally susceptible to the 
nephrotoxic action of licheniformin A5. Compared with the mouse, the rabbit 
is resistant and the rat relatively sensitive. 


We wish to thank Dr. D. W. Henderson and Mr. G. M. Hills for valuable guidance. 
Our thanks are also due to W. J. Randles, G. B. Carter, and Miss D. M. Cleall for 
the preparation of the histological material. 
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THE EFFECT OF DENERVATION ON THE RESPONSES 
OF THE CAT’S NICTITATING MEMBRANE 
TO SYMPATHOMIMETIC AMINES 


BY 


MARY F. LOCKETT* 


From the Pharmacology Laboratory, University College, London 


In previous studies the effects of graded doses of sympathomimetic amines on 
the heart rate, and on the systolic blood pressure, were measured in atropinized 
sleeping bitches. It was found that removal of the sympathetic chains, from and 
including the stellate ganglia, downwards into the pelvis, produced a greater increase 
in the sensitivity of the systolic blood pressure to noradrenaline than to adrenaline, 
but that this procedure resulted in a greater increase in the sensitivity of the responses 
of the heart rate to adrenaline than to noradrenaline. Moreover, sympathectomy 
increased the responses of the heart rate both to 8-phenylethylamine and to tyramine, 
and decreased the sensitivity of the heart rate toward amphetamine. By contrast, 
the responses of the systolic blood pressure were increased toward £-phenylethyl- 
amine, but were decreased toward both tyramine and amphetamine (Lockett, 
1950a). 

The results presented did not show whether differences existed in the responses 
of the heart rate and the systolic blood pressure to sympathomimetic amines before 
sympathectomy. Later evidence has shown that this is indeed the case, for the 
responses of the heart rate on the one hand, and of the systolic blood pressure on 
the other hand, to sympathomimetic amines are differently affected by pentobarbitone 
in dogs with intact nervous systems (Lockett, 1950b, c). 

The analysis of the changes produced by sympathectomy in these two sets of 
responses to sympathomimetic amines was made difficult by the fact that, whereas 
measurement of the effect of sympathectomy on the responses of the heart rate 
was a measurement of change in one particular organ, the changes produced by 
sympathectomy in the responses of the systolic blood pressure were but the final 
integration of alterations throughout the whole varied cardiovascular system. 
Analysis was further complicated by the fact that total removal of the sympathetic 
chains might be expected to produce postganglionic division of the sympathetic 
fibres concerned with the regulation of the heart rate and of the nerves supplying 
the vascular bed, except in the splanchnic area. In the latter region, removal of 
the sympathetic chains should produce preganglionic arterial denervation. There- 
fore as a step in the analysis of former observations, a direct comparison has been 
made of the effects of preganglionic as contrasted with postganglionic denervation 
on the responses of a single tissue to these amines. Rosenblueth and Bard (1932) 
showed that the nictitating membrane in the cat is innervated solely by the homo- 
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lateral cervical sympathetic fibres, which form a synapse in the superior cervical 
ganglion. Hence, because of the ease and certainty with which either preganglionic 
or postganglionic denervation can be effected, the nictitating membrane was selected 
for this study. 


METHODS 


Operative.—Operations for the denervation of nictitating membranes were performed 
aseptically, under pentovarbitone anaesthesia. Postgangtionic denervation was produced 
by the removal of the superior cervical ganglion. Preganglionic denervation was effected 
by division of the trunk of the cervical sympathetic approximately one inch proximal 
to the superior cervical ganglion. 


Experimental.—The cats were anaesthetized with ether, the dura was opened at the 
level of the atlanto-occipital membrane, the lowest part of the hindbrain was cut across, 
and the brain was pithed in the usual way. The carotid arteries were occluded only 
for the 15-20 seconds required for the destruction of the brain. Artificial respiration 
was necessary. The technique described provided nictitating membranes supplied with 
blood at a mean arterial pressure of 62 mm. Hg with a standard deviation of a single 
observation of 9 mm. in 27 cats (62 mm. Hg, S.D. 8 (27) ). This mean arterial pressure 
is greater than that normally encountered when the cord is divided at the level of the 
second cervical spine, as when Dale’s classical method of spinalization is employed. 

Two hours were allowed for the animal to recover from the anaesthetic. The supra- 
renal glands were removed, and the cervical sympathetic nerve was divided on the side 
of any normal membrane, 10 minutes before the experiment began, to prevent impulses 
passing from the cord to that membrane. Equally weighted levers, tension 5 g., yielding 
similar magnification ( x 16), were used throughout to record responses from the nicti- 
tating membranes. Blood pressure records were taken from a femoral artery, and 
injections were made by means of a cannula into the opposite femoral vein. 

The amine salts used were: /-adrenaline (Burroughs Wellcome, Ltd.) dissolved 
in dilute hydrochloric acid, dl-noradrenaline hydrochloride (kindly supplied by 
Dr. M. L. Tainter), tyramine acid phosphate (Burroughs Wellcome, Ltd.), B-pheny!- 
ethylamine hydrochloride (Roche Products, Ltd.), amphetamine sulphate, and 
ephedrine hydrochloride. 


RESULTS 


1. The changes produced by preganglionic and postganglionic denervation in the 
sensitivity of the nictitating membrane to the intravenous injection of \-adrenaline 
and dl-noradrenaline. 


In a series of 23 cats, weighing from 1.9 to 2.4 kg., measurement was made of 
the threshold sensitivity of both nictitating membranes toward the intravenous 
injection of /-adrenaline and dl-noradrenaline, six to eight days after operation, 
by the methods described. In some animals one normal membrane was compared 
with the other membrane which had undergone either preganglionic or postganglionic 
denervation ; in other animals both membranes had been subjected the one to pre- 
ganglionic and the other to postganglionic denervation in a single previous opera- 
tion. ‘In all, observations were made on 15 normal nictitating membranes, 18 
membranes after preganglionic and 12 membranes after postganglionic denervation 
(Table I). 

The weight of amine salt required to produce a small but constant contraction 
of each type of nictitating membrane varied greatly between individual animals 
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TABLE I 


INTRAVENOUS DOSE IN #G. REQUIRED TO PRODUCE A THRESHOLD RESPONSE IN NORMAL AND 
DENERVATED NICTITATING MEMBRANES OF SPINAL CATS, 6-8 DAYS AFTER NERVE DIVISION 














Normal membranes Denervated membranes 
Preganglionic Postganglionic 
pg. /-adren HE. Foal peg tatline: = dl es dl 
sae? ° adren. . dl- . dl- 
HCl Hcl pg. /-adren. es pg. /-adren. | oe 
HCl HCl HCl | HCl 
4.0 10.0 | | 1.0 1.2 
1.0 10.0 | 0.2 | 0.4 
5.0 | 25.0 | | 0.2 | 0.5 
2.0 20.0 | 0.2 | 0.3 
7.0 25.0 1.0 3.0 
3.0 20.0 1.0 3.0 
3.0 15.0 0.8 4.0 
3.0 16.0 i 1.0 3.0 
3.0 12.0 0.3 2.0 | 
4.0 18.0 1.0 4.0 
5.0 20.0 0.5 4.0 
4.0 15.0 0.2 0.7 
2.0 10.0 0.5 0.8 l 
2.0 12.0 0.2 1.0 
1.0 8.0 | 0.5 1.0 
0.3 1.3 0.5 0.7 
0.5 3.0 0.5 0.7 
0.7 2.0 0.5 0.5 
0.08 2.0 0.1 0.25 
1.0 6.0 | 0.5 1.0 
0.3 3.0 0.5 0.8 
0.2 1.3 0.5 0.5 
= _ | | 0.3 0.6 





(he mean weight of /-adrenaline hydrochloride which produced a minimal contrac- 
tion of the normal nictitating membrane was 3.3 yg., S.D. 1.6 (15). The correspond- 
ng figures for d/-noradrenaline were 15.7 yg., $.D. 5.5 (15). 

Preganglionic denervation produced an approximately sevenfold increase in the 
hreshold sensitivity of nictitating membranes to both /-adrenaline and dl-nor- 
drenaline by the sixth to eighth post-operative days. Both normal membranes and 
iembranes after preganglionic denervation were therefore about four times as 
‘nsitive to /-adrenaline as to d/-noradrenaline. 

After postganglionic denervation these membranes showed no greater sensitivity 
' l-adrenaline than did membranes after preganglionic denervation. The threshold 
oses were 0.43 yg., S.D. 0.23 (12) and 0.56 yg., $.D. 0.33 (18) respectively ; t=1.2, 

0.3. Postganglionic denervation, however, rendered nictitating membrane more 
‘nsitive to dl-noradrenaline than did preganglionic denervation. The mean 
ireshold doses were 2.51 yg., S.D. 1.4 (18) and 0.62 wg., S.D. 0.28 (12) respectively ; 

4.5, P=0.001. If the activity of d/-noradrenaline be considered due solely to 
» content of the laevorotatory isomer, then there was no significant difference in 

e sensitivity of nictitating membrane after postganglionic denervation toward 
idrenaline on the one hand and dl-noradrenaline on the other: t=1.5, P=0.2. 
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The wide variations in the sensitivity of the nictitating membranes of individual 
animals toward adrenaline and noradrenaline made results in this small series of 
cats inaccurate. If, however, only those seven cats are considered in which pre- 
ganglionic denervation of the one and postganglionic denervation of the other 
nictitating membranes were performed in one operation, and in which the responses 
of these two membranes were simultaneously compared six to eight days later, the 
foregoing observations are confirmed. First, there is no difference in the sensitivity 
of these two types of membrane to /-adrenaline, the threshold doses being 0.44 ug., 
S.D. 0.3 (7) after postganglionic, and 0.44 yg., S.D. 0.2 (7) after preganglionic dener- 
vation. Secondly, postganglionic denervation has again produced a membrane four 
times as sensitive to d/-noradrenaline as has preganglionic denervation ; the threshold 
doses were 0.64 ng., S.D. 0.2 (7) and 2.66 p»g., S.D. 1.0 (7) respectively ; t=5.3, 
P=0.001. 


2. The changes produced by preganglionic and postganglionic denervation in the 
sensitivity of nictitating membranes toward tyramine, B-phenylethylamine, amphet- 
amine, and ephedrine. 

Preganglionic denervation resulted in membranes more sensitive, and post- 
ganglionic denervation in membranes less sensitive, than normal membranes toward 
tyramine, 8-phenylethylamine, amphetamine, and ephedrine. 

Tyramine and B-phenylethylamine.—Fifteen of the previous series of 23 cats 
were used to determine the changes in sensitivity of nictitating membrane to 
tyramine acid phosphate and £-phenylethylamine hydrochloride that resulted from 
denervation. The threshold dose of tyramine acid phosphate for normal membranes 
was 1.94 mg., S.D. 0.86 (8). Six to eight days after preganglionic denervation the 
corresponding figure was 0.8 mg., $.D. 0.12 (11). Preganglionic denervation had 
therefore produced membranes more sensitive to tyramine than normal membranes 
(t=3.6, P=0.01). Similarly the threshold doses of 8-phenylethylamine hydro- 
chloride were 3.0 mg. S.D. 1.4 (8) for normal membranes, and 1.13 mg. S.D. 0.6 (11) 
for membranes after preganglionic denervation (t=12.3, P=0.001). In addition 
three normal membranes failed to respond to salts either of tyramine or of 
8-phenylethylamine in doses up to 6 mg., and are excluded from these calculations. 

The weights of amine salts required to produce threshold responses in paired 
membranes, one denervated by preganglionic and the other by postganglionic section 
of the cervival sympathetic, were compared in seven cats. The results are collected 
in Table II. Absence of response, delayed or biphasic responses to tyramine were 
obtained in membranes after postganglionic denervation as described by Biilbring 
and Burn (1938). Similar types of response to B-phenylethylamine were recorded 
from these membranes, but the responses of single membranes after postganglionic 
denervation to these two amines were frequently dissimilar. 

Amphetamine and ephedrine.—The threshold doses of amphetamine sulphate and 
ephedrine hydrochloride were determined for normal and denervated membranes. 
Such tests were made only after those with other amines had been completed ; 
either amphetamine or ephedrine was used, for both were not tested in the same 
animal. 

The mean threshold doses for membranes 6-8 days after preganglionic denerva- 
tion were 0.53 mg. S.D. 0.12 (6) for amphetamine sulphate and 0.78 mg. S.D. 0.23 
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TABLE II 


INTRAVENOUS DOSE IN MG. REQUIRED TO PRODUCE A THRESHOLD RESPONSE IN PAIRED 
NICTITATING MEMBRANES OF SPINAL CATS, 6 TO 8 DAYS AFTER PREGANGLIONIC DENERVATION 
OF ONE, AND POSTGANGLIONIC DENERVATION OF THE OTHER NICTITATING MEMBRANE, 


Dose which produced no response in parentheses. 




















mg. tyramine ac. phosph. mg. $-phenylethylamine HCl 
Cat —— -- —— —|- - a —— 
Postganglionic Preganglionic Postganglionic Preganglionic 
| (3) | 2.0 | (3.0) 2.0 
2 (3) 1.5 (2.0) 2.0 
3 (2) | 0.4 (2.0) 0.4 
4 | Delayed £0.8 | 0.4 | (3.0) 1.0 
5 response ‘| 1.5 0.6 | Biphasic 2.0 0.6 
6 0.6 | 0.2 delayed 1.0 0.4 
7 Biphasic 1.0 | 0.5 | 1.5 0.4 
mg. Ephedrine HCI mg. Amphetamine sulphate 
Postganglionic Preganglionic Postganglionic Preganglionic 
(4.0) 0.6 Irregular ) 1.2 0.8 
(4.0) 0.8 jerking 39 0.4 >Smooth contraction 
(4.0) 0.6 movements ) 1.0 0.4 


(6) for ephedrine hydrochloride injected intravenously. In each experiment double 
the dose which produced a small contraction of the one membrane which had been 
subjected to preganglionic denervation still failed to produce contraction of the 
opposite normal membrane. 

The responses of one membrane after preganglionic denervation were then com- 
pared with those of the other membrane after postganglionic denervation in three 
experiments with each of these two amines. The results are summarized in Table II. 
Nictitating membranes after postganglionic denervation were much less sensitive to 
these amines than were membranes after preganglionic denervation. In four of a 
total of five postganglionically denervated membranes, no response to ephedrine 
was obtained with intravenous doses up to 4 mg. of ephedrine hydrochloride ; a 
single contraction was given by a fifth membrane to an initial dose of 2.0 mg., 
but not thereafter to this or to larger doses. In five membranes after postganglionic 
denervation, | to 3 mg. of amphetamine sulphate produced a series of irregular 
ierks, unaccompanied by any sustained contraction of the nictitating membrane. 


3. The slopes of the log-dose response curves for the action of intravenous sym- 
pathomimetic amines on the responses of normal nictitating membranes, membranes 
after preganglionic and postganglionic denervation, and of the mean arterial blood 

ressure. 

Whatever may have been the mechanism by which pre- and post-ganglionic 

enervation produced change in the responses of the nictitating membrane to sym- 
pathomimetic amines, an alteration in threshold sensitivity toward a drug could only 
e regarded as an approximate measure of this change. Should denervation cause 
ot Only a shift in the log-dose response curve, but also a pronounced change in the 
ower slope of this curve, such as has been encountered in the upper slopes of such 
urves (Lockett, 1950a), then comparison of threshold doses would become a very 
‘accurate measure of change in sensitivity. The slopes of the lower part of the log- 
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dose response curves for these amines were therefore determined in normal and 
denervated membranes. 


1-Adrenaline.—The log-dose response curves relating size of contraction to intra- 
venous log-dose of /-adrenaline hydrochloride for normal nictitating membranes at 
a tension of 5 g., from five spinal cats, are shown in Fig. 1a. Similar curves were 
obtained from one nictitating membrane after preganglionic, and the other afte: 
postganglionic denervation, and from the mean arterial pressure, in five other spina! 
cats: these curves are illustrated in Figs. 1B, Cc, and D respectively. Fig. 1 shows, 
first, that no gross change is produced in the lower slope of the log-dose response 
curves for /-adrenaline by denervation of the nictitating membranes ; secondly. 
that the sensitivity of nictitating membranes to /-adrenaline, 6-8 days after either 
preganglionic or postganglionic denervation, is of the same order as that of a 
normally innervated cardiovascular bed. 


Contraction 
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FiG. 1.—Dose response curves for the action of intravenous /-adrenaline hydrochloride on th 
mean arterial blood pressure (B), normal nictitating membrane (A), and on nictitating membrane 


6-8 days after preganglionic denervation (C) and postganglionic denervation (D). 


description, see text. Abscissa: yg. /-adrenaline hydrochlorides. 


Fo 


Ordinates: A, C, and D 


recorded contraction of nictitating membrane in mm.; B, rise of arterial pressure in}mm. H¢ 
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dl-Noradrenaline.—Log-dose response curves for the action of intravenous 
dl-noradrenaline hydrochloride on normal nictitating membranes of five cats are 
shown in Fig. 24. Corresponding curves from one membrane after preganglionic 
and another membrane after postganglionic denervation, and of the mean femoral 
arterial blood pressure of five other spinal cats, are shown in Figs. 2B, c, and D 
respectively. The animals used in these experiments were those employed for the 
corresponding experiments with /-adrenaline (Fig. 1). Fig. 2 shows first that denerva- 
tion did not markedly alter the lower slopes of the log-dose response curves for the 
action of noradrenaline on nictitating membrane, but the extent of this slope appeared 
to be reduced by denervation. Secondly, only after postganglionic denervation of 
the nictitating membrane was the sensitivity to noradrenaline of this membrane and 
of the mean arterial pressure comparable in these spinal animals. It was also fre- 
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iG. 2.—Dose response curves for the action of intravenous d/-noradrenaline hydrochloride on the 
mean arterial pressure (B), normal nictitating membrane (A), and on nictitating membranes 
6-8 days after preganglionic denervation (C) and postganglionic denervation (D). For des- 
cription see text. Abscissa and ordinates as in Fig. 1. 
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quently noted that d/-noradrenaline caused a reduction in the tone of nictitating 
membranes more especially after preganglionic denervation. 

Tyramine and B-phenylethylamine.—Corresponding experiments with tyramine 
and £-phenylethylamine salts showed that preganglionic denervation caused a shift 
to the left, without marked change in the lower slopes, of the log-dose response 
curves for the action of these amines on nictitating membranes. 


4. Examination of the responses of (a) normal nictitating membranes, and 
(b) membranes after preganglionic denervation, to sympathomimetic amines, after 
the following procedures: emptying the eyeballs; use of atropine; excision of 
superior cervical ganglia ; freezing of superior cervical ganglia. 

Changes produced by preganglionic denervation in the responses of nictitating 
membrane to sympathomimetic amines are likely to be the sum of the effects of 
changes in the ganglion, in the membrane, and in the smooth muscle of the orbit. 
Emptying of the eyeballs, as described by Cannon and Rosenblueth (1939), caused 


Nor > Adr, Adr2 





Fic. 3.—Contractions of a normal nictitating membrane above, and a membrane 3 days after 
preganglionic denervation below, to 10 ug and 15 yg. d/-noradrenaline-HCI (Nor, and Nor,) 
2 wg. and 4 yg. /-adrenaline-HCl (Adr, and Adr,), 1 mg. $-phenyl-ethylamine-HCl ($-ph), and 
1 mg. tyramine ac. phos. (Tyr.). Both superior cervical ganglia removed between A and B. 
4 mg. atropine sulphate injected between B and C. All injections intravenous. Spinal cat, 
2.6 kg. 
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‘little or no change in the responses recorded from normal or denervated membranes 
in these experiments. The influence of enophthalmos or exophthalmos was there- 
fore unimportant in these experiments, as in the experiments of the previous authors. 
Atropine.—Cannon and Rosenblueth (1939), working with cats under dial anaes- 
thesia, used both atropine and curare to antagonize the effects of acetylcholine on 
the nictitating membrane, and noted that atropine had no greater effect on the 
responses to adrenaline of nictitating membrane after preganglionic denervation 
than on normal membrane. Their observation has been confirmed and extended. 
Atropine, in a dose of | to 2 mg./kg., reduced the responses to adrenaline, nor- 
adrenaline, tyramine, 8-phenylethylamine, amphetamine, and ephedrine, in normal 
nictitating membranes and in membranes after both pre- and postganglionic denerva- 
tion. There was, however, no apparent difference in the effect of atropine on the 
responses of the individual amines, neither were normal membranes or either type 
of denervated membrane differently affected by atropine. Fig. 3 shows that the effect 
of atropine was on the membrane itself, and that the responses of nictitating mem- 
branes, normal and after preganglionic denervation, were similarly reduced. 
Excision and freezing of superior cervical ganglia—Cannon and Rosenblueth 
(1939) showed that acute removal of the superior cervical ganglion (S. C. G.) caused 
an equal reduction in the responses to acetylcholine of normal nictitating membranes 
and nictitating membranes after preganglionic denervation. In contrast to these 
previous observations for acetylcholine, in each of four experiments with paired 
nictitating membranes one normal and the other 6—8 days after preganglionic denerva- 
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i. 4.—Contractions of nictitating membranes of a spinal cat. Above, normal membrane respond- 
ing to 4 wg. /-adrenaline-HCl, intravenous. Homolateral superior cervical ganglion frozen 
during contraction B. Below, membrane 6 days after preganglionic denervation responding to 
0.8 yg. /-adrenaline HCI intravenous. Homolateral superior cervical ganglion frozen during 
contraction F. Time marker, 30 secs. 
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tion, gentle excision of the S.C.G. produced approximately equal increase in the 
responses of these two membranes toward adrenaline, noradrenaline, tyramine, 
8-phenylethylamine (Fig. 3) and also to amphetamine. These changes developed 
within 15 minutes of excision of the S.C.G., and remained constant, or increased, 
during subsequent periods of observation, varying from one to four hours. The 
origin of this increased sensitivity to sympathomimetic amines may well have been 
traumatic, since in each of four experiments temporary local freezing of the homo- 
lateral S.C.G. resulted in a reversible moderate reduction in the responses to 
adrenaline and to noradrenaline of both normal nictitating membranes and mem- 
branes 6-8 days after preganglionic denervation (Fig. 4). 


DISCUSSION 

In spinal cats, normal nictitating membranes are markedly less sensitive to 
intravenous /-adrenaline and d/-noradrenaline than is the mean arterial pressure. 
Greater accessibility of the vascular bed than of the nictitating membrane to the 
action of these amines might be offered in explanation. Such a hypothesis would 
not explain the fact that whereas in the spinal cat the ratio of the threshold sensi- 
tivity to /-adrenaline and d/-noradrenaline in the normal nictitating membrane is 
of the order of 1 to 4, the corresponding ratio for the arterial blood pressure is 
rather less than | to 2 (Figs. 1 and 2). The rates of diffusion of such molecules 
could not differ greatly. Whether sensitivity to these amines be dependent on one 
or many factors such as molecular configuration for selective adsorption, cell per- 
meability, rate of destruction of amines at the site of action, etc., these different 
ratios suggest the probability of widely different receptor systems linked with the 
sympathetic nervous system. Such an interpretation might also be placed upon the 
dissimilar effects produced both by sympathectomy (Lockett, 1950a) and by anaes- 
thesia (Lockett, 1950b and c), on the heart rate as contrasted with responses of 
the systolic blood pressure to these amines. It is certainly not possible to explain 
the differences produced by sympathectomy in the responses of the heart rate to 
sympathomimetic amines as contrasted with those of the systolic blood pressure 
by the theory that a postganglionic denervation was performed on the heart, and 
a mixed preganglionic and post-ganglionic denervation on the vascular bed, identical 
receptor systems throughout the periphery of the sympathetic nervous system being 
assumed. 

Preganglionic denervation.—Increased sensitivity of nictitating membrane to 
adrenaline, acetylcholine, and potassium ions has long been known to follow pre- 
ganglionic denervation (Cannon and Rosenblueth, 1936). In a previous note atten- 
tion was drawn to the fact that preganglionic denervation increased the sensitivity 
of this membrane to adrenaline, noradrenaline, tyramine, $-phenylethylamine. 
amphetamine, and ephedrine (Lockett, 1949). Superficially, a nonspecific increase 
in sensitivity following chronic decentralization may most easily be explained as a 
release from a tonic inhibitory action of central sympathetic origin, as has been 
postulated by Swan (1949). The effects of preganglionic denervation may arise 
from changes in the ganglion or in the membrane, or at both sites. Whereas the 
evidence presented by Cannon and Rosenblueth, 1939, stresses the ganglionic origin 
of the increased sensitivity of the nictitating membrane to acetylcholine following 
preganglionic denervation, the experiments recorded in this paper suggest a stronger 
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peripheral than ganglionic effect in the increased sensitivity of this membrane to 
sympathomimetic amines after preganglionic denervation. Were the increase in 
sensitivity solely due to release from central inhibitory influences that increase should 
affect the responses to all amines similarly, provided that they produce contraction 
of the nictitating membrane through a common receptor-response system. How- 
ever, 6-8 days after preganglionic denervation, a sevenfold increase in the sensitivity 
of nictitating membrane was found to both adrenaline and noradrenaline, but the 
increase in sensitivity to tyramine and 8-phenylethylamine was but two- or threefold, 
that to amphetamine and ephedrine more than twofold. Either these amines are 
active through multiple receptor response systems (Lockett, 1950d), or the theory 
of tonic central inhibition must be discarded. 


Postganglionic denervation.—Burn and Tainter (1931) showed that denervation 
abolished the dilator effect of tyramine on the pupil. Burn (1932) demonstrated that 
after removal of the stellate ganglion the constrictor effect of tyramine and ephedrine 
disappeared from the forearm ; and further, that removal of the superior cervical 
ganglion abolished the dilator action of tyramine and ephedrine on the pupil. 
Biilbring and Burn (1938) found that nictitating membranes varied considerably in 
the responses given to tyramine. Whilst postganglionic denervation usually increased 
the effect of small doses but decreased the effect of large doses of tyramine on the 
nictitating membrane, in some membranes postganglionic denervation abolished all 
response to tyramine. The observations recorded in this paper are compatible with 
and extend the findings of Bilbring and Burn. Postganglionic denervation has been 
found to produce membranes which did and membranes which did not respond to 
tyramine ; membranes after postganglionic denervation had higher threshold sensi- 
tivity to tyramine than had membranes after preganglionic denervation ; pre- 
ganglionic denervation resulted in membranes more sensitive to tyramine than were 
normal membranes. 

In 1948 Biilbring and Burn showed that postganglionic denervation of the nicti- 
tating membrane produced greater increase in sensitivity of the membrane to dl-nor- 
adrenaline than to adrenaline. This observation has been confirmed and extended. 
Burn and Hutcheon (1949) showed that postganglionic denervation of the pupil also 
produced greater increase in sensitivity to noradrenaline than to adrenaline. They 
suggested that in some tissues the presence of the sympathetic nerve supply protects 
the end organ against the action of noradrenaline in the blood stream, although not 
protecting it from the action of adrenaline. 

By contrast to the nonspecific type of sensitization that follows preganglionic 
lenervation of nictitating membrane, that following postganglionic denervation was 
‘ound to be highly specific. In both normal membranes and those after pre- 
ganglionic denervation, /-adrenaline was at least four times as active as dl-nor- 
adrenaline in provoking contraction. After postganglionic denervation there was 
10 significant difference in the sensitivity of this membrane to /-adrenaline on the 
yne hand and dl-noradrenaline on the other hand. Whereas there was no differ- 
‘nce in the sensitivity of nictitating membrane to /-adrenaline after either pre- 
anglionic or postganglionic denervation, membranes after postganglionic denervation 
vere more sensitive to noradrenaline than were those after preganglionic denervation. 
ensitivity to tyramine, 8-phenylethylamine, amphetamine, and ephedrine were 

“duced or lost after postganglionic denervation of this membrane. 
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Biilbring and Burn (1949) have shown that noradrenaline can be converted to 
adrenaline in the perfused suprarenal gland. Since the sympathetic innervation of 
this gland is preganglionic, it might be suggested that such a methylation is under 
the influence of the postganglionic sympathetic neurone, and that severance of the 
ganglion from the termination of the sympathetic fibres deflects an equilibrium of 
enzyme action and greatly increases the rate of methylation of noradrenaline to 
adrenaline. Such an explanation assumes some enzyme actions to be under 
sympathetic control. 





SUMMARY 


1. The effects of preganglionic and postganglionic denervation on the threshold 
sensitivity and on the lower slopes of log-dose response curves for the action of 
intravenous salts of sympathomimetic amines on nictitating membrane have been 
measured in spinal cats. Normal membranes were compared with denervated 
membranes. The amine salts were /-adrenaline, d/-noradrenaline, 8-phenylethy]l- 
amine, and ephedrine hydrochlorides, tyramine acid phosphate and amphetamine 
sulphate. 

2. Preganglionic denervation produced, after 6-8 days, a sevenfold increase 
in the threshold sensitivity of nictitating membrane to adrenaline and to dl/-nor- 
adrenaline, but a two to threefold increase in sensitivity to B-phenylethylamine and 
to tyramine, and more than a twofold increase in sensitivity to amphetamine and 
ephedrine. Preganglionic denervation did not cause marked changes in the lower 
slopes of the log-dose response curves for the actions of these amines on nictitating 
membrane. 

3. Postganglionic denervation resulted, after 6-8 days, in a sevenfold increase 
in the threshold sensitivity of nictitating membrane to /-adrenaline, a twentyfold 
increase in threshold sensitivity to d/-noradrenaline, and decreased sensitivity 
toward tyramine, 8-phenylethylamine, amphetamine, and ephedrine. 

4. Whereas normal membranes and membranes after preganglionic denervation 
were four times as sensitive (threshold dose) to /-adrenaline as to d/-noradrenaline, 
no significant difference was found between the threshold sensitivity of membranes 
6-8 days after postganglionic denervation toward adrenaline and noradrenaline. 


A part of the expense of this work was defrayed by a grant from the Medical 
Research Council. 
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SOME OBSERVATIONS ON THE ANTIDIURETIC 
ACTIVITY OF RAT SERUM 


BY 
S. E. DICKER anp MICHAEL GINSBURG 


From the Department of Pharmacology, University of Bristol 
(Received July 21, 1950) 


In a recent paper, Birnie, Jenkins, Eversole, and Gaunt (1949) have described 
an antidiuretic substance (or substances) which they assume circulates in the blood 
of normal rats, whereas earlier workers (Walker, 1939; Hare, Hickey, and Hare, 
1941) had failed to find such properties in the blood of rabbits and dogs. Birnie 
et al. (1949) also suggest that this substance may be of posterior pituitary origin, 
though Heller and Urban (1935) and Melville (1937) have shown that injected 
posterior pituitary antidiuretic hormone disappears very rapidly from the circulation. 

In view of these contradictions, the presence of antidiuretic substances in the 
blood has been re-examined. 


METHODS 


Experimental animals.—Adult male albino rats weighing approximately 200 g. were 
used. They were kept on a commercially prepared diet (Dicker, 1949). 


Antidiuresis test—-The method used was based on that of Birnie ef al. (1949). 
Groups of 18 or 12 rats, deprived of food for 18 hours but denied free access to 
water for the last hour only, were placed individually in small metabolism cages (Dicker 
and Heller, 1945); urine was collected into graduated cylinders. Each rat was given 
two doses of tepid tap water by stomach tube (each dose=5 ml./100 g. body weight), 
with an interval of one hour between doses. One hour after the second administration 
of water the total volume of urine excreted in the preceding two hours was measured 
(V,). At the same time a third dose of water (5 ml./100 g.) was administered and the 
inimals injected subcutaneously with the test material. The urine output of each animal 
was measured thereafter at intervals of 30 minutes for two hours. In order to ensure 
complete emptying of the bladder the animals were stimulated by prodding and handling 
before each administration of water and each measurement of urine volume. In ail 
experiments the room temp2rature was adjusted to 18-22° C. 

The volume of urine, V,, was expressed as a percentage of the amount of water 
idministered in the first two doses. Those rats for which this value deviated from 
the mean for the whole group by more than 50 per cent of the mean were rejected. 
Since the rats were injected subcutaneously, the method of calculation adopted allowed 
30 minutes for the complete absorption of the injected materials. The following formula 


Percentage water excretion — - has V's0 x nS 
3V,-(V.+V,,) 1 


where V,=the volume of water administered in each dose. rae 
V.,=the volume of urine excreted in the two hours before injection. — 
V.,—the volume of urine excreted in the first 30 minutes after injection. _ 
V, =the volume of urine excreted during the period of “ ¢” minutes after injection 


(t=60, 90, or 120 minutes). 
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Rats become conditioned to water administration—i.e., the diuresis of rats given 
water frequently i§ generally more rapid than that of unconditioned rats. For this reason 
rats were used for the antidiuresis test once only. 

Preparation of test material—{i) Serum.—Blood was collected from rats under ether 
anaesthesia by section of the carotid and jugular vessels, allowed to coagulate, and the 
serum separated by centrifugation. 

(ii) Plasma.—Blood was collected into chilled centrifuge tubes containing heparin 
(10 units per ml. of blood). In some experiments tubes which had been treated with 
silicone (Fluid De 200, Dow Corning) were used. The tubes were centrifuged while 
surrounded with freezing mixture and the plasma separated. 

(iii) Heat coagulated serum.—Serum diluted with an equal volume of 0.6 per cent 
(w/v) sodium chloride solution was treated with glacial acetic acid to give a pH of 
5.0-5.2 and heated in a boiling water bath for 30 minutes. The coagulum was separated 
by centrifugation and the supernatant fluid was collected and neutralized before injection. 

In order to allow comparison with plasma, heparin (10 units per ml.) was added to 
all injections other than p!asma. In all experiments serum or plasma was obtained from 
at least 12 animals and pooled before injection. 

Estimation of chloride——Chloride in the urine was estimated by Volhard’s method 
as modified by Harvey (1910). 

Statistical treatment.—Each experiment was planned as a comparison between the 
effects of two or more treatments. A method of random sampling was used to select 
the rats for each treatment. 

Owing to the elimination of rats because of exceptional diuresis in the first two 
hours, the treated groups did not always contain equal numbers of rats. In order to 
obtain a symmetrical structure for analysis of variance, rats had to be rejected from 
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the larger groups. The rats rejected were those whose percentage water excretion after 
treatment was closest to the mean for their group. This would tend to increase the error 
and therefore to decrease the estimated significance of difference between treatments. 
Results are given as means and standard errors. The probability of P for t and F was 
obtained from the tables of Fisher and Yates (1943). 


RESULTS 


Effect of serum on water diuresis—In four experiments (33 rats) the effect of 
subcutaneous injection of 1.0 ml. per 100 g. of serum freshly drawn from normal 
animals Was compared with that of 1.0 ml. per 100 g. of 0.9 per cent (w/v) sodium 
chloride solution. The results are shown in Table I. There is a significant varia- 
tion between the results of experiments performed on different days and with 


TABLE I 


THE EFFECT OF SUBCUTANEOUS INJECTION OF 1.0 ML. SERUM PER 100 G. ON THE WATER 

DIURESIS OF HYDRATED RATS, COMPARED WITH THE EFFECT OF 1.0 ML. SALINE PER 100 G., 

AND THE ANALYSIS OF VARIANCE OF THE PERCENTAGE WATER EXCRETION AT 90 MINUTES 
AFTER TREATMENT 


















































1.0 ml. Saline/100 g. | 1.0 ml. Serum/100 g. 
Exp. | mains in “ _ —_—_—_—— —— 
No. | No. | *, Water excretion No. | ’% Water excretion 
of | pie | of | 6 ee 
|rats| 60min. | 90min. | 120 min. | rats | 60 min. 90 min. | 120 min. 
4 | 22.2416 | 379430) — 4 | 18.3410 | 362432| — 
2 | 4 | 21.9412 | 476426 | — 5 | 15.742.9 | 30.345.4 — 
3 | 4 | 13.6434 | 279438 | 42.5442 | 4 | 2140.7 | 7.7405 | 18.843.6 
1] 4 22.1+1.0 | 39.142.3 | 54.443.6 | 4 13.742.5 | 25.243.0 | 35.045.2 
Mean.. | — | 19.9 | 38.1 = i— | ae | 25.2 = 
| | | | 
fc 1] one me 
Source o | Degrees of | um oO . 
variance | freedom squares | Variance | F. P. 
Treatments.. ..  .. ee oe 1,342.8 | 1,342.8 21.1 =0.001 
Experiments iy ea 3 2,275.4 | 758.8 11.9 <0.001 
Remainder “oe, 1715.5 | 63.5 = = 
eR OR MM Wi ; - | 





Total | 0 | saa7-| — | — | 





different rats, but in all cases serum decreased the diuresis. The analysis shows 
that the antidiuresis produced by serum is highly significant (P<0.001). Table II 
shows the effect of serum which had been kept at 4° C. for 18 hours, compared 
with fresh serum and with 0.9 per cent sodium chloride solution. There was no 
loss of antidiuretic activity. Fig. 1 shows the effect of different doses of serum 
(0.5, 1.0, and 2.0 ml./100 g.), 1.5 milli-units of vasopressin (Pitressin, Parke Davis 
& Co.) per 100 g. and of 0.9 per cent sodium chloride solution. It shows that the 
antidiuretic activity of 2.0 ml. of serum is approximately equivalent to that of 
1.5 milli-units of vasopressin. 
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TABLE Il 


THE EFFECT OF SUBCUTANEOUS INJECTION OF 1.0 ML. FRESH SERUM, 1.0 ML. OF SERUM KEPT 
FOR 18 HRS. AT 4° C., AND 1.0 ML. SALINE PER 100G. ON THE WATER DIURESIS OF HYDRATED RATS 








| | No. | % Water excretion 

















Exp. No. | Treatment | of - 
rats | 60 min. | 90 min. | 120 min. 
13. | Saline | 3 34.2412 | 623475 | 82.2464 — 
| 18 hrs. old serum 3 22.7+4.2 | 38.9+4.2 54.5+ 3.7 
Saline | 3 | 33.9443 69.34 11.0 80.7+9.6 
14 18 hrs. old serum | 4 25.34+2.7 | 48.6+ 4.8 | 65.2+.6.5 
| Fresh serum 4 30.142.2 | met 2 70.9 2.8 





Effect of plasma on water diuresis—In four experiments (42 rats) the effect of 
subcutaneous injection of 1.0 ml. per 100 g. of plasma was compared with that of 
1.0 ml. per 100 g. of 0.9 per cent (w/v) sodium chloride solution. The results are 
shown in Table III. As in the experiments with serum there is some variation 
between experiments, but the diuresis of rats injected with plasma was always 
slower than that of the controls; analysis of variance, however, shows that this 
difference is not significant (P>0.05). 

Effect of serum and plasma on the antidiuretic activity of vasopressin—Vaso- 
pressin was added to serum to a concentration of 1.5 milli-units per ml. and kept 


TABLE Ill 


THE EFFECT OF SUBCUTANEOUS INJECTION OF 1.0 ML. PLASMA PER 100 G. ON THE WATER 

DIURESIS OF HYDRATED RATS COMPARED WITH THE EFFECT OF 1.0 ML. SALINE PER 100 G. AND 

THE ANALYSIS OF VARIANCE OF PERCENTAGE WATER EXCRETION AT 60, 90, AND 120 MINUTES 
AFTER TREATMENT 











1.0 ml. Saline ’100 g. 1.0 ml. Plasma/100 g. 
— No. *% Water excretion No. ; °< Water excretion 
‘ of of | 

rats 60 min. 90 min. | 120min._ rats! 60min. 90 min. 120 min. 
4 ..| 6 | 25.5413 |.47.9+ 2.8] 61.9445 | 5 | 23.143.3 | 39.745.6 | 52.1489 
5 5 26.1+2.5 49.1+ 3.0 61.8+4.0 5 21.2+3.6 41.843.2 | 64.2+5.1 
6 6 25.942.6 | 46.7+- 3.0 61.2+3.6 5 23.6+.1.3 41.6+2.3 61.0. 4.3 3 
15 5 36.14-7.6 | 62.7+10.3 80.1+8.3 5 33.342.1 | 57.144.6 | 75.0:+-7.3 
Mean..|— | 28.1 | 512 | 658 | — | 25.3 45.0 63.1 

Source of Degrees of Sum of Variance | F. P. 

variance freedom | squares | 
Experiments .. ..| 3 4,746.3 | 1,582.1 12.5 —0.01 
Times aa if - 2 28,947.5 14,471.9 114.2 0.001 
Treatments .. = ‘. l 435.0 435.0 3.43 -0.05 


Remainder <a - 113 | 14,318.9 | 126.7 


Sacicanshaieaitcinaiininsaiaaiinaiienantninii ee Ee, See RN CNR mF . = P 


Total tis. 119 48,4477 | 3 — a ao 
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at 4° C. for 18 hours. The antidiuretic activity of this serum was compared with 
that of serum to which the same amount of vasopressin was added 15 to 30 minutes 
before injection: vasopressin was completely inactivated by serum in 18 hours and 
substantially inactivated in 15 to 30 minutes (Fig. 2). This confirms the findings 
of Heller and Urban (1935), who used defibrinated blood and serum (dog, rabbit, 
and human). Similar experiments were performed with plasma (Fig. 2). No 
inactivation of vasopressin or augmentation of its antidiuretic activity was observed. 
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'1G. 2.—The antidiuretic effect of mixtures of vasopressin and plasma, and of vasopressin and 
serum. @— @ 1.5 milli-units of vasopressin per 100 g. »*x———x 1.5 milli-units of 
vasopressin in 1.0 ml. of serum or plasma per 100 g., 15-30 minutes after mixing. O———O 
1.5 milli-units of vasopressin in 1.0 ml. of serum or plasma per 100 g., 18 hours after mixing. 
Each point showing the effect of serum is the mean of results from 16 animals. Each point 
showing the effect of plasma is the mean of results from 10 animals. 


In another series of experiments vasopressin was added to serum to give a concen- 
‘ration of 1.5 milli-units per ml. After 30 minutes, when considerable inactivation 
vould have occurred (see Fig. 2), the serum was diluted and coagulated by heat. The 
intidiuretic activity of the supernatant fluid was compared with that from similarly 
treated serum to which no vasopressin had been added, and to 3.0 and 1.5 milli- 
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20 (6) 
eo Fic. 3.—The antidiuretic activity o! 
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from heat coagulated norma! 
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units of vasopressin. The results in Fig. 3 show that the antidiuretic effect of 
2.0 ml./100 g. of the “heat coagulated serum ” supernatant fluid (2.0 ml. of super- 
natant fluid is equivalent to 1.0 ml. serum) is approximately the same as that of 
1.5 milli-units of vasopressin per 100 g. The antidiuretic activity of 2.0 ml. of the 
“heat coagulated serum ” to which vasopressin was added was approximately the 
same as that of 3.0 milli-units of vasopressin per 100 g. Thus the heat coagulation 
of serum enhances its antidiuretic activity (cf. Fig. |) and reverses the inactivation 
of vasopressin. 





FiG.4.—A. Comparison be- 50 A B © 
tween the effect of plasma . "7 
obtained from rats in- 4 4 
jected with 10 milli-units Z 
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— of R test a 40 a P “ 
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control animals (mean of Vi eA 
11 test rats). B. Com- { 7) 
parison between the effect 
of plasma of dehydrated 
rats (mean of 10 test 
rats) and that of normal 
animals (mean of 11 test 
rats). @——@ 1.0ml. 
normal plasma per 100 g. 
x ———— x 1.0 ml. plasma 
of rats injected with 10 
milli-units vasopressin per 10F 
100 gz. x----x 1.0 
ml. of plasma of dehy- 
drated rats per 100 g. 
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Effect of plasma from dehydrated rats.—Fig. 4 shows that the subcutaneous 
injection of 1.0 ml./100 g. of plasma from rats which had been deprived of food 
and water for 36 hours did not have a greater antidiuretic effect than that from 
normal rats. 


Effect of plasma from rats injected with vasopressin.—Ten milli-units of vaso- 
pressin per 100 g. were injected subcutaneously into rats and blood withdrawn after 
30 to 40 minutes—i.e., when the antidiuretic effect would be at its maximum. 
Fig. 4 shows that the plasma from these rats was not more antidiuretic than the 
plasma from normal rats. 


Chloruretic effect of serum.—Chloride was estimated in the urine of rats injected 
with 1.0 ml. serum per 100 g. and with 1.0 ml. 0.9 per cent (w/v) sodium chloride 
solution per 100 g. In seven rats treated with serum the mean chloride excretion 
120 minutes after injection was 2.2 + 0.64 (S.E.) mg. compared with 2.9 + 0.3(S.E.) mg. 
for nine rats treated with saline, which shows that serum had no chloruretic action. 


DISCUSSION 


In confirmation of the findings of Birnie et al. (1949), it was found that the sub- 
cutaneous injection of rat serum into hydrated rats has a significant antidiuretic 
effect. It should be noted that in the experiments of Birnie et al. the serum was 
injected within five minutes of collection, whereas in the experiments reported here 
the serum had been collected at least 30 minutes before injection. The anti- 
diuretic effect of 2.0 ml. serum/100 g. was approximately equal to that produced 
by 1.5 milli-units of vasopressin. 

Birnie et al. (1949) assumed that the antidiuretic substance was present in the 
circulation, and suggested for several reasons that it might be of posterior pituitary 
origin. It is difficult to accept the view that the antidiuretic substance of serum 
is circulating because it could be shown that the subcutaneous injection of 1.0 ml. 
plasma/100 g. into hydrated rats had no significant antidiuretic effect. Against 
the suggestion that the antidiuretic substance of serum is of posterior pituitary 
origin are the following arguments: (a) Serum inactivates vasopressin, in accordance 
with Heller and Urban’s (1935) findings ; plasma on the other hand does not inactivate 
vasopressin. (b) Serum from dehydrated rats had the same antidiuretic activity as 
that from normal animals. It seems likely, therefore, that the antidiuretic property 
of normal rat’s serum is produced during the coagulation of blood. From recent 
investigations by Ginsburg and Heller (unpublished observations), it cannot be 
identified with serotonin. 

Birnie et al. (1949) found that the antidiuretic substance in serum disappears 
rapidly on standing: this could not be confirmed. It is quite clear from the results 
presented that serum injected subcutaneously had the same antidiuretic titre whether 
fresh or kept for 18 hours at 4° C.; also the finding of Birnie et al. (1949) that 
serum was chloruretic could not be confirmed. However, since the chloruretic 
iction of posterior pituitary extracts, for example, is an inconstant effect, this 
liscrepancy may be due to factors such as diet (Heller and Stephenson, 1950). 

It has been generally assumed that the assay of antidiuretic activity by sub- 
cutaneous injection may entail considerable error, as it has been stated (Noble, 
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Rinderknecht, and Williams, 1939) that blood extracts have augmentor effects. No 
such augmentor effects were found in our experiments: the subcutaneous injection 
of plasma to which vasopressin had been added had an antidiuretic effect comparable 
to that of an equal amount of vasopressin in saline ; furthermore, the antidiuretic 
activity of vasopressin in the supernatant fluid obtained from heat-coagulated serum 
was approximately equal to the sum of the separate activities. 


SUMMARY 


1. No significant antidiuretic activity could be demonstrated in heparinized 
plasma from normal and dehydrated rats. 


2. Serum from normal rats had a marked antidiuretic effect when injected sub- 
cutaneously into hydrated rats. 


3. The amount of antidiuretic activity in 2.0 ml. of serum was comparable to 
that of about 1.5 milli-units of vasopressin (Fig. 1). Serum inactivated vasopressin, 
but plasma did not. The inactivation of vasopressin by serum was reversed by heat 
coagulation. 


4. Injections of plasma or serum had no augmentor effect on the antidiuretic 
effect of vasopressin. 


We are indebted to Miss Margot Smith and Mr. K. E. Blackmore for technica! 
assistance, and to the Medical Research Council for a personal grant to one of us 
(S. E. D.). 
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CAROTID SINUS REFLEX AND CONTRACTION 
OF THE SPLEEN 


BY 


ROBERT L. DRIVER ann MARTHE VOGT 
From the Department of Pharmacology, University of Edinburgh 


(Received July 12, 1950) 


A considerable number of studies (for references see Heymans, 1929a, b, and 
McDowell, 1938) have been made to determine the effect of stimulation of the 
carotid sinus by various means on different regions and organs of the body including 
the spleen, the organ with which the first part of this paper deals; the experiments 
we report were carried out in an effort to elucidate the mechanism mediating the ~ 
contraction of the spleen caused by clamping the common carotid arteries. 

Heymans (1929a), using dogs, found that clamping the carotids in one dog (A) 
brought about contraction of the spleen and a rise in blood pressure in a second 
dog (B, adrenalectomized) if there was an anastomosis between the adrenal vein of 
dog A and the jugular vein of dog B. The same result was obtained in dog B by 
inducing hypotension in the isolated and perfused carotid sinus of dog A (Heymans, 
1929b). The conclusion was drawn that adrenaline secretion was reflexly stimulated 
by closing the common carotids and that this in turn brought about contraction 
of the spleen. 

However, other authors were unable to reconcile the results of their experiments 
with this conclusion. Thelen (1933), Brauch (1934), and Euler and Liljestrand (1935) 
failed to demonstrate a rise in blood sugar level when the carotids were closed. The 
latter authors. however, believed that the adrenaline level in the peripheral blood was 
elevated during carotid occlusion. Holtz and Schiimann (1949), employing dogs 
and cats, found that clamping the carotids caused a rise in blood pressure and 
ontraction of the spleen but no rise in blood sugar level and no intestinal inhibition. 
\drenaline used in doses just sufficient to produce the same splenic contraction as 
hat caused by closing the carotids did, however, inhibit the intestine. Such was 
iot the case with noradrenaline. Furthermore, ergotoxine or yohimbine abolished 
he rise in blood pressure caused by adrenaline but only slightly diminished the rise 
aused by noradrenaline or carotid closure. Clamping the carotids did not bring 

bout splenic contraction in adrenalectomized animals, and these investigators 
vere therefore led to the opinion that the contraction of the spleen, which they 
bserved only before adrenalectomy, was the result of Jiberation of noradrenaline 
'y the adrenal glands. 
METHODS 

Cats and dogs were anaesthetized with ether followed either by chloralose or pento- 
irbitone. The carotids were exposed in the neck, injections were made into the femoral 
‘in, and the blood pressure was usually recorded from the femoral artery. The brachial 
tery was used instead when the abdominal aorta had been tied. The spleen volume 
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was recorded by connecting a plethysmograph to a piston recorder. In carrying out 
adrenalectomies, special care was taken not to damage the nerve supply to the spleen. 
Occasionally, the vagi were cut in the neck. This, however, did not greatly enhance the 
size of the blood pressure response to carotid occlusion. 

The technique for collecting adrenal blood was usually that described by Feldberg 
and Minz (1934). In a few experiments, the animals were not eviscerated and the adrenal 
blood was obtained by inserting a piece of polythene tubing into the left lumbar vein. 
Care had to be taken to collect the adrenal blood without producing sensory stimuli which 
might lead to stimulation of the adrenal medulla. This was either achieved by continuous 
collection from the polythene tubing which was not moved during the whole procedure, 
or by using a by-pass of rubber tubing which returned the adrenal blood into a jugulat or 
femoral vein when it was not required. The tubing could be opened and clamped at will 
without touching the animal. Heparin was used as anticoagulant; the blood was collected 
in ice, rapidly centrifuged, the plasma stored in the refrigerator and assayed as soon as 
possible on two or three different tissues. The samples were assayed against solutions of 
synthetic /-adrenaline and /-noradrenaline on the rat’s uterus, the rat’s colon (Gaddum, 
Peart, and Vogt, 1949), and the rat’s blood pressure. Since the ratio of the sensitivity 
towards adrenaline and noradrenaline is about 150 for the rat’s uterus and about 0.5 for 
the colon and the blood pressure, samples which cannot be distinguished on any of the 
three organs not only contain equiactive amounts of total base but must also contain the 
bases in equal proportions. 


RESULTS 


In a first set of experiments, the splenic contractions following carotid com- 
pression were compared before and after adrenalectomy and before and after section 
of the splenic nerves, most animals being subjected to both operations in succession. 
The effects were matched at the different stages of the experiment with the response 
to intravenous injections of adrenaline and noradrenaline. The results are recorded 
in Table I. 

As might be expected, simultaneous extirpation of the adrenals and section 
of the splenic nerves abolished contraction (Cat 1). In two cats (2 and 9), mere 
cutting of the nerves had the same effect. In three cats (3, 4, and 5), adrenalectomy 
without section of the splenic nerves also abolished the contraction of the spleen. 
In these animals, however, the responses to adrenaline and noradrenaline were 








TABLE | 
. Splenic nerves Splenic contraction 
Cat | Adrenalectomized cut ° on carotid closure 
ey | a ee ee 
2 | 0 ~ } | 
: | ° 4 | |. Abolished 
2 + 0 ) 
6 + | 0 Diminished 
+ Abolished 
7 + 0 | Diminished 
a — | Abolished 
8 + 0 Unaffected 
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A os N 
Cat No. 8, g, 2 kg. Ether, pentobarbitone. Record of spleen volume. 
Downward movement: contraction. 








Time Procedure Rise in B.P. (mm. Hg) 
12.02 3 pg. adrenaline i.v. 0 
1.10 Carotids occluded for 30 sec. 18 
1. 3 wg. noradrenaline i.v. 17 
1.30 Adrenalectomy completed — 
1.52 Carotids occluded for 30 sec. 27 
1.54 3 wg. adrenaline i.v. 18 
1.58 3 wg. noradrenaline i.v. 24 
2.03 Carotids occluded for 30 sec. 22 
245 Splenic nerves cut — 
WARE Carotids occluded for 30 sec. 19 
2.30 3 wg. adrenaline i.v. 16 
2.34 3 wg. noradrenaline i.v. 19 





A= 3 pg. adrenaline. C = Carotids occluded for 30 sec. N= 3 wg. noradrenaline. 


It will be seen that the contraction of the spleen elicited by occlusion of the carotids is unaltered 
by adrenalectomy, but replaced by a passive dilatation after section of the splenic nerves. 


Fic. 1 


also abolished except to doses from 3 to 30 times those required to produce contrac- 
tion before operation, an observation strongly suggestive of a change in the physiolo- 
vical state of the animals, most probably dehydration and hypothermia (rectal 
iemperature 33°-34° C.). In operations on cats 6, 7, and 8, in which saline was 
infused and the rectal temperature was maintained at 35°-36.5°, the results were 
juite different. In these animals adrenalectomy did not prevent contraction, albeit 
n two (6 and 7) it diminished it, but the contraction was abolished by cutting the 
plenic nerves (Fig. 1). Hence, in order to get contraction of the spleen it is neces- 
ary that the nerves to the organ be intact, whereas the presence of the adrenals 
not essential. 
Stimulated by the observation of Meier and Bein (1948) that vasomotor responses 
» adrenaline injections in the hind limb of the adrenalectomized dog or cat were 
(fected by infusion of noradrenaline, we instituted a second type of investigation. 
1 13 experiments on 5 adrenalectomized cats (1, 4, 5, 6, and 7) in which the spleen 
id ceased to respond to carotid occlusion, adrenaline alone, noradrenaline alone, 
id sometimes both together, were infused (at rates just insufficient to produce 
traction), in order to see whether a high blood level of these compounds was 








508 ROBERT L. DRIVER and MARTHE VOGT 


necessary for an otherwise unresponsive spleen to contract with closure of the 
carotids. In only one instance (cat 4) was there a restoration of activity. In this 
cat, noradrenaline in a conceniration of | yug./c.c. of saline had been infused for 
83 min. The fact that similar results were seen with saline alone, however, suggests 
that this result was due to the saline infusion per se rather than to the noradrenaline 
that was in the infusate. 

In a third method of attack on this problem the quantity of adrenaline-like 
bases in blood collected from the adrenal veins of cats and dogs was estimated. 
The amounts found during a test period of intermittent carotid closure were com- 
pared with those secreted in control periods of steady blood pressure immediately 
before and after the test period. Since any fall in general blood pressure causes 
an acceleration of the release of “* adrenaline,” it was essential that the periods 
compared should have identical blood pressure baselines. In dogs, this was easily 
achieved because the blood volume was large compared with the amount of adrenal 
blood removed. In cats, infusion of dextran or of adrenaline-free blood from a 
splanchnotomized donor cat had often to be made in order to minimize the effect 
of collecting samples of adrenal blood. Comparisons of the “* adrenaline ” content 
of test and control samples of adrenal blood were made on 5 cats and 3 dogs. In 
none of the cats and in only one of the dogs did a detectable increase in the output 
of *‘ adrenaline’ result from clamping the carotids. The dog was in chloralose 
anaesthesia and had not been eviscerated. The “adrenaline” released during 
carotid occlusion was about 1.7 times that found in the plasma both before and 
after, and the increase was the same for the three tissues on which the samples were 
tested. Nevertheless, no such rise occurred in a second dog under apparently 
precisely the same experimental conditions. 


DISCUSSION 


The foregoing experiments on cats show that the contraction of the spleen caused 
by occlusion of the carotid sinuses is abolished by section of the splenic nerves. 


It is not, however, abolished by adrenalectomy, provided the general condition of 


the animal, particularly with regard to blood pressure and blood volume, is satis- 
factory. It is possible that failure of other workers in this field to obtain a reaction 


of the spleen after adrenalectomy was due to a deterioration in the condition of 


the animal. 

The fact that the contraction of the spleen will occur even if the adrenals have 
been removed does not exclude the possibility that release of adrenaline or nor- 
adrenaline takes part in the pressor effect due to hypotension in the carotid sinuses. 
In the present experiments, however, no proof of release of any such substance 
from the adrenal medulla of the cat could be obtained under a variety of conditions 
The tests used for the assay of sympathomimetic amines would have shown an 
increase in total base as well as a shift in the percentage of methylation. Neithe: 
occurred in the cat, provided the precaution was taken to avoid a fall in blood 
pressure during the collection of samples. 

In dogs, an increase in total sympathomimetic amines released during carotid 
occlusion was found in one experiment only, in spite of the fact that the rise in 
blood pressure obtained in this animal was by no means larger than in the othe! 
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two. Even in the dog, therefore, hypotension in the carotid sinuses may cause 
its effect on the blood pressure without a contribution by increased secretion from 
the adrenal medulla. 


SUMMARY 


In cats under sodium pentobarbital anaesthesia closure of the carotid arteries 
causes contraction of the spleen. This effect is reflexly mediated by the splenic 
nerves, and if these nerves are intact the contraction may occur whether or not the 
animal is adrenalectomized. 

Occlusion of the carotids did not produce a shift in the ratio adrenaline/nor- 
adrenaline in adrenal plasma, and, except for one experiment on a dog, no evidence 
was obtained that it increased the output of adrenaline-like substances by the 
adrenal medulla. 


We wish to thank Messrs. Bayer Products Ltd., London, for a gift of /aevo-arterenol. 
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It is well known that mice are relatively insensitive to histamine. Figures 
quoted by Guggenheim (1940) indicate that the lethal doses of histamine by sub- 
cutaneous injection for the mouse, guinea-pig, and cat are 600—2,000, 3.5-10, and 
34 mg./kg. respectively. It has also been shown (Halpern, 1942, 1947a, b; Bovet 
and Walthert, 1944; Mayer and Broussaud, 1946) that histamine antagonists are 
unable to protect mice from the lethal effects of histamine and may indeed increase 
its toxicity. Even promethazine (phenergan), which is able to protect the guinea-pig 
against 1,500 times the normally lethal dose, cannot protect the mouse against one 
single lethal dose of histamine. Adrenalectomy increases the sensitivity of animals 
to histamine as well as to other substances (Dale, 1920; Kellaway and Cowell, 1923: 
Crivalleri, 1927; Marmoston-Gottesmann and Gottesmann, 1928). According to 
these authors this increase in the toxicity of histamine in adrenalectomized 
animals is mainiy due to the lack of adrenaline and not to deficiency of cortical 
hormones. 

Thus, in 1920 Dale found that the adrenalectomized cat was more than normally 
sensitive to the action of histamine. He mentioned several points of “‘ support 
for the view that secretion of adrenaline by the medulla of the gland is, at least, 
an important factor in the normal resistance to histamine.”’ Kellaway and Cowell 
(1923) showed that the altered haemoconcentration reaction to small doses of 
histamine in adrenalectomized cats is due to medullary defect and can be prevented 
by adrenaline. According to Wyman (1929) the increased sensitivity of rats to 
histamine after adrenalectomy is due to deficiency of adrenaline. Ingle’s results 
(1937) show that, although cortical hormones are also concerned, their part is less 
important than that of adrenaline. Halpern has demonstrated that, like adrenaline, 
the antihistamine substances, particularly promethazine, have an action on capillary 
permeability, and this is clearly illustrated in the protection which these substances 
give against the oedema and haemoconcentration caused by injection of egg-white 
into normal or adrenalectomized rats (Halpern and Briot, 1950). This action of 
antihistamine substances on oedema produced by egg-white has also been found 

* Present address: H6pital Broussais, 96, Rue Didot, Paris XIV°, France. 
+ Present address: Department of Pharmacology, University of Sheffield. 
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by other workers (Leger and Masson, 1948; Clark and Mackay, 1949). Other 
findings have also been reported which support this action of the synthetic anti- 
histamine substances on capillary permeability. When histamine or other irritant 
substance is injected intraperitoneally in rabbits, exudation of fluid occurs into the 
peritoneal cavity. Evans blue dye injected intravenously will diffuse into this exudate, 
but the rate of diffusion is much reduced if the animal has previously received 
promethazine (Halpern, 1948). The passage of fluorescein from the blood into the 
aqueous humour of the eye is increased by histamine; promethazine opposes this 
effect (Halpern, Guillaumat, and Cruchaud, 1948). Other experiments indicate 
that promethazine and other antihistamine substances can reduce or prevent pul- 
monary oedema due to injected adrenaline in mice and rabbits (Halpern, Cruchaud, 
Vermeil, and Roux, 1950). It has been shown by Kellaway and Cowell that in 
adrenalectomized cats histamine even in small doses produces haemoconcentration 
which is much more considerable and prolonged than in normal cats; when adren- 
aline is given to these animals the action of histamine is lessened. It has been 
suggested (Feldberg and Schilf, 1930) that the altered haemoconcentration in 
adrenalectomized cats after histamine is due to the fact that the capillary wall in 
these animals is more sensitive and more easily damaged by histamine than in 
normal animals or animals treated with adrenaline. Our knowledge of the action 
of promethazine and adrenaline in other experimental syndromes with an obvious 
alteration of capillary permeability led us to study the effect of these substances 
in adrenalectomized mice poisoned with histamine in whom the main toxic effect 
is a change in the capillary permeability. Other factors. such as contraction of 
the spleen, may play a part in producing the observed haemoconcentration after 
the injection of histamine, but they are considered to be of less importance than 
the effect on capillary permeability. 

In view of the demonstration that promethazine can, like adrenaline, prevent 
the development of haemoconcentration and oedema produced by the injection of 
egg-white in rats, we have studied its effects on the action of histamine in normal 
and adrenalectomized mice. We have already reported in a preliminary communi- 
cation (Halpern and Wood, 1950) that promethazine restores the sensitivity of 
mice to histamine to normal levels after it has been increased by adrenalectomy. 


METHODS 


Mice weighing about 20 g. were used, unselected for sex. The acute toxicity of hist- 
amine was first investigated. Normal mice and mice adrenalectomized two days previously 
were given histamine intraperitoneally. The dose of histamine dihydrochloride per 20 g. 
body weight was injected in | ml. of 0.9 per cent (w/v) NaCl. Bilateral adrenalectomy 
was performed under light ether anaesthesia and the animals allowed full access to normal 
diet with plenty of fluid. On the day of the operation only, the animals received a sub- 
cutaneous injection of 250 ug. deoxycortone acetate. No additional salt was supplied. 
In some animals, promethazine or adrenaline was injected subcutaneously thirty minutes 
before the injection of histamine. Haemoconcentration was measured in the earlier 
experiments by the change in red cell count and later by the change in haemoglobin con- 
centration. Blood samples were obtained by puncture of the cavernous sinus through the 
inner angle of the eye, before injection and again about 20-30 min. after the injection of 
histamine. In the normal mice, after injection of 25 mg. histamine dihydrochloride per 
20 g. body weight, blood samples were also taken at 90 and 120 minutes. 
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RESULTS 


Effect of adrenalectomy on acute toxicity of histamine 


The acute toxicity of histamine in mice is increased between 50 and 100 times 
after adrenalectomy. Thus the LDSO for histamine dihydrochloride in normal 
mice is rather less than 50 mg. per 20 g., and in adrenalectomized mice it is about 
0.5 mg. per 20 g. (Table Ia, b; Fig. 1A). 


Effect of promethazine on toxicity of histamine 

Although it did not increase the resistance of normal mice to histamine, the 
previous injection of 0.4 mg. promethazine per 20 g. did significantly increase the 
resistance of the adrenalectomized mouse to histamine; the toxicity of histamine 
was reduced approximately to normal. In adrenalectomized mice, 0.5 mg. histamine 
kills 13 of 21 animals (61 per cent), and after promethazine some 50 times the dose 
of histamine is required to produce about the same mortality (Table Ic, d; Fig. 1B). 


TABLE *I 





INCREASED SENSITIVITY OF ADRENALECTOMIZED MICE TO HISTAMINE, 


ITS RESTORATION TO 


NORMAL BY PROMETHAZINE, AND ITS REDUCTION BY ADRENALINE 
































Dose of histamine | Mortality 
Previous treatment diHCl mg./per en 
| 20 g. mouse, i.p. | Observed | yA 
(a) Normal mice 10 0/10 0 
25 | 0/10 0 
50 | 9/12 75 
: i ee See ieee 

(b) Adrenalectomized mice .. 0.2 0/3 0 
0.25 2/10 20 
0.50 13/21 61 
1.0 | 7/9 78 

(c) Normal mice 30 min. after 0.4 mg. | 
promethazine, s.c. hg ‘a 50 | 7/il | 64 

(d) Adrenalectomized mice 30 min. after | 
0.4 mg. promethazine, s.c. ni 5 0/5 0 
| 10 | 0/5 0 
| 25 2/13 15 
50 6/11 55 

(e) Adrenalectomized mice 30 min. after | 

20 wg. adrenaline, s.c. oe 0.5 0/4 0 
5 1/11 9 
10 9/10 90 
20 | 8/9 89 
25 | 4/4 100 








Effect of adrenaline on toxicity of histamine in adrenalectomized mice 

If 0.5 mg. histamine is injected 30 min. after a subcutaneous injection of 20 ug. 
adrenaline hydrochloride none of the adrenalectomized mice die, and it requires 
between 5 and 10 mg. of histamine to kill as many animals as were killed by 0.5 mg. 
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in the absence of adrenaline or promethazine. The protection given to adrenal- 
‘ctomized mice is considerable, but less than that given by promethazine (Table Ie; 
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Effect of promethazine on haemoconcentration due to histamine 


In normal mice the non-lethal dose of 25 mg. histamine caused haemocon- 
_ centration of about 32 per cent. This effect was very obvious after only 0.25 mg. 
in the adrenalectomized mouse. After promethazine even 25 mg. histamine caused 
only a slight haemoconcentration in adrenalectomized mice, which were also saved 
from death (Table II). 

It will be seen from Table III that the haemoconcentration which occurred after 
the injection of 25 mg. histamine/20 g. in normal mice usually persisted for at least 
2 hours, although only 1 out of 10 animals died. 





ug. ' Effect of adrenaline on haemoconcentration due to histamine 


res As with promethazine, the haemoconcentration caused by histamine in adrenal- 
1g. cctomized mice is much reduced if adrenaline is given earlier. This effect of 


= 
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TABLE Il 


EFFECTS OF PROMETHAZINE AND ADRENALINE ON HAEMOCONCENTRATION PRODUCED BY 
HISTAMINE IN ADRENALECTOMIZED MICE 


Second blood sample taken 20-30 min. after histamine injection. Haemoconcentration 
estimated by change in red cell count or haemoglobin concentration. Number of animals 
in parentheses. 





Average haemoconcentration 
per cent+S.E. 


Treatment 
Normal mice: 
25 mg. histamine diHCl Pa aft ou 33 3.4(12) 
Adrenalectomized mice: 
Without previous treatment 





0.25 mg. histamine diHCl a se aa 43+-12.3 (6) 

0.5 mg. histamine diHCl a4 ae me 65+. 7.4 (9) 
After 0.4 mg. promethazine 

25 mg. histamine diHCl Sa “i - 134. 4.2 (10) 
After 20 ug. adrenaline HCl 

0.5 mg. histamine diHCl 53 x5 Me 8.5+- 3.6 (8) 

5 mg. histamine diHCi .. as te we 25 6.1 (12) 

10 mg. histamine diHCl <i me - 47 5.9 (10) 

TABLE Ill 


HAEMOCONCENTRATION IN NORMAL MICE AFTER THE SUBCUTANEOUS INJECTION OF HISTAMINE 
DIHYDROCHLORIDE (25 MG./20 G.) 





g. Haemoglobin/100 ml. blood 








Maximal 
ae Before 30 min. 90min. | 120min. | increase | Observation 
histamine after after after com 
7 ms 12.5 ae 143 , 15.6 433 / 25 | Survival 
ae ee ee ee ee 37s Survival 
— 3)~Cté‘dY”*é«d 25 | BO | 100 20 | Survival 
4 | NS | 564 | 47. 11 | 30 | Survival 
 £ | . | of | ee |] — | — |e 
6 | ne | 63 | 64 | 175 | 48 | Survival 
7) Ds (sid C*Y:C(ié‘aSTC Cd} S| Ss Siva 
gk siCdaTsi«<‘“‘<sésé‘iTCS(GsiCaOSC*SSC(‘«é‘éiSASC*YS3SssSrvival 
9 | 27. ,sC«W6Dsi( (ats«éiaHOSC*«dS(‘é‘éiBC | 29s Survival 
-10~—~™&”~“<*C CSS (tC (‘i C!CdSS””*«~iASCSC*«<S(#(‘éB#NCS~S*«*S~CséSrviv 


Average 32.4 
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adrenaline is not so marked as that of promethazine with the doses used here. 
The haemoconcentration due to 0.5 mg. histamine in adrenalectomized mice is 
much less (8.5 per cent) after adrenaline than in those animals not given adrenaline 
(65 per cent). In normal mice 25 mg. histamine causes about the same degree of 
haemoconcentration as 0.25 mg. does in the untreated adrenalectomized rat and 
about the same as between 5 and 10 mg. of histamine in the adrenalectomized mouse 
previously given adrenaline (Table II). 


DISCUSSION 


Earlier evidence that it is the deficiency of adrenaline which makes the capillaries 
of adrenalectomized animals more sensitive to histamine is supported by our results 
in which injected adrenaline prevented or reduced the haemoconcentration due to 
histamine in adrenalectomized mice. It seems probable that the adrenaline acts 
directly by reducing the sensitivity of the capillaries to the action of histamine, 
which increases their permeability. The same explanation could account for the 
similar reduction by promethazine of the haemoconcentration produced by histamine. 
This is in agreement with the previously cited evidence for such an action on capillary 
permeability—for example, reduction of the oedema and haemoconcentration pro- 
duced by the injection of egg-white in rats, and protection against pulmonary oedema. 
The protection against the haemoconcentration occurring after histamine in adrenal- 
ectomized mice parallels roughly the protection which promethazine and adrenaline 
also give against death due to histamine. It is probable that the protective action 
of promethazine against the lethal effect of histamine, seen only in adrenalectomized 
and not in normal mice, is due to its ability to prevent the loss of fluid from the 
circulation which results from quite small doses of histamine. In normal mice 
the capillaries are much less sensitive to histamine, and its toxicity may be related 
to some other effect which is not antagonized by promethazine; the latter drug 
may actually increase the mortality. 


SUMMARY 


1. The acute toxicity of histamine in mice is increased 50-100 times by 
adrenalectomy. 


2. Haemoconcentration, caused by the action of histamine on capillary per- 


neability, is produced in adrenalectomized mice by very much smaller doses than 
are required in normal mice. 


3. Promethazine and adrenaline can each protect adrenalectomized mice 
against death due to histamine. At the same time they also reduce or prevent the 
1aemoconcentration due to histamine. This effect may be explained by an action 
‘f these substances on the capillaries, whereby they are made less sensitive to the 
‘ffect of histamine. 


4. It is probable that it is this effect of promethazine on capillary permeability 
vhich explains its activity in protecting adrenalectomized mice, but not normal 
nice, from death due to histamine. 


This work was partly done during the tenure by D. R. W. of the George Herbert 
lunt Travelling Scholarship and with a maintenance grant from the University of Sheffield 
Medical Research Fund. 
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STUDIES ON SOLANUM ALKALOIDS: 


Il. THE ANTI-ACCELERATOR CARDIAC ACTION 
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BY 
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From the Department of Pharmacology, Harvard Medical School, Boston, Mass., U.S.A., 
and the Department of Chemistry, Auckland University College, Auckland, New Zealand 


(ReceivedJuly 26, 1950) 


In a previous communication (Krayer and Briggs, 1950) it was shown that the 
solanum alkaloids $-dihydrosolasodine and tetrahydrosolasodine have an antagonistic 
action to the positive chronotropic effect of adrenaline on the mammalian heart 
which is similar to that of the veratrum alkaloids veratramine and jervine. For 
chemical reasons, which will be considered in detail elsewhere, it is preferable to 
adhere as strictly as possible, with our limited knowledge of configuration so far, 
to a more systematic nomenclature than that adopted previously. Hence, in the 
present communication ($-dihydrosolasodine will be called dihydrosolasodenol and 
tetrahydrosolasodine will be named dihydrosolasodanol. 


Using the heart-lung preparation of the dog, we have examined solasodine 
itself and its hydrogenation product solasodanol, as well as two of its naturally 
occurring glycosides, solasonine and solmargine, and have carried out further 
experiments with dihydrosolasodenol and dihydrosolasodanol in an attempt to 
make a quantitative comparison of all these compounds. The closely related ter- 
tiary amine solanidine was included in this study in order to see whether the anti- 
accelerator potency is a property of the secondary amines only, as experiments 
with cevine appeared to indicate for the veratrum alkaloids. 

Further chemical] evidence and reconsideration of its existing properties, the 
details of which will be published elsewhere, support the revised formula (I) for 
solasonine and (II) for solasodine (Briggs et al., 1950). The position of one attach- 
ment of the oxide linkage to C,, is still uncertain but is placed in this position on 
analogy with the saponins of which it may be regarded as the part nitrogen analogue. 
In respect to its being a secondary amine solasodine now resembles solanocapsine 
from Solanum pseudocapsicum (Barger and Fraenkel-Conrat, 1936), the veratrum 
alkaloids jervine (Jacobs and Sato, 1948), veratramine (Jacobs and Craig, 1945), 
and an unnamed base, C1rHavsnOuN, from Veratrum viride, Anon (Jacobs and 





__* This work was seamed by a grant from the United States Public Health Service and by 
‘unds from the Higgins Trust of Harvard University. 
+t Apreliminary communication was made at the Federation Meeting in Atlantic City, April, 1950. 
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Craig, 1945). Jacobs and Huebner (1947) have suggested several structures for 
jervine, including one containing the same type of spirodiheterocyclic system. 

On the above formulation of solasodine (I1) solasodanol (Briggs, Newbold, and 
Stace, 1942) may now be regarded as (III) and dihydrosolasodenol, a new compound 
(Briggs et al., 1950), obtained by one of us (L. H. Briggs) and R. H. Locker by the 
action of lithium aluminum hydride on solasodine, as (IV). Dihydrosolasodenol is 
converted to dihydrosolasodanol (V) by catalytic hydrogenation with a palladium 
catalyst. 

The solasonine used in this study occurs in Solanum aviculare (Bell and Briggs, 
1942), a plant endemic to Australia and New Zealand, in Solanum sodomeum (Oddo 
and Colombano, 1905), native to the countries bordering the Mediterranean Sea 
but now also growing wild in New Zealand, and in Solanum xanthocarpum (Saiyed 
and Kanga, 1936) and Solanum torvum (Krishnamurti and Seshadri, 1949), indi- 
genous to India. 

The solanidine was prepared from Solanum tuberosum. Its structure and 
tertiary amine nature (VI) has been established by the work of several authors 
(Rochelmeyer, 1938; Craig and Jacobs, 1943; Prelog and Szpilfogel, 1944; Uhle 
and Jacobs, 1945). Professor Prelog, of the Department of Chemistry, Eidg. 
Technische Hochschule, Ziirich, generously supplied us with another sample of 
solanidine prepared by him. Solanine has been shown (Briggs ef al., 1950) to have 
its trisaccharide moiety similarly constituted to that of solasonine. 

Solmargine is a new alkaloid from Solanum marginatum, which has been shown 
(Briggs et al., 1950) to be a trisaccharide derivative of solasodine, the sugars being 
rhamnose, glucose, and a third component, still uncertain, probably rhamnose. 

Some chemical and physical data concerning the substances used in this study 
are given in Table I. 

TABLE |! 
CHEMICAL AND PHYSICAL PROPERTIES OF SEVERAL SOLANUM ALKALOIDS 






































Substance —— Mol. wt. a poco 
Solasodine ot © ‘C.,H,,NO, a 413.62 | 201. 202 roar 2. 
Solasodanol =... ~—«. |» CaHgNO, | 415.64 (207-208.5 | 3 
Dihydrosolasodenol. .. ... | CayHygNO, 415.64. | 260-264 | 3 
Dihydrosolasodanol os ei ; C.,H,,NO, a 417.65 ; | 290-295 fp -_ 
Solasonine =... «| CagHyyNOy = 884.04. 285-287 
Solmargine ..  .. ..|  CyHyNO, | 854.02  —-280-289* +, = 2 
Solanidine 7 re - -  C,,HyNO - 397.62 | 218 219 “+s ; 





* On further purification the melting point of Solmargine rose to 300-301 C. 


METHODS 


This study is based on the results of 18 experiments on the heart-lung preparation of 
the dog (HLP). The animals had an average weight of 10.4 kg. (7.3-14.6), 15 were male 
and 3 female. Dose-response curves were obtained as described elsewhere (Krayer, 1950); 
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3 ug. l-adrenaline* base per min. were given by continuous infusion to maintain a steady 
state of cardio-acceleration, and at intervals suitable doses of an anti-accelerator substance 
were added to obtain appropriate increments of inhibition. From such experiments the 
dose causing 50 per cent inhibition (I;, value) could be derived. The total number of 
experiments made with each individual substance is given in Table I. With the exception 
of dihydrosolasodanol this number was determined by the limited amount of each sub- 
stance available for the study. (For further details of the experimental procedure see 
Krayer, 1950.) 

The solanum alkaloids were brought into solution as hydrochlorides using approxi- 
mately 0.25 c.c. 0.1 N-hydrochloric acid (a little more than the equivalent amount) for 
every 10 mg. of the alkamines, or, with solmargine and solasonine, for every 10 mg. of 
the genins. 

The isotonic solutions for administration to the heart-lung preparation were prepared 
with 5 per cent (w/v) dextrose solution. The concentration of solasodine and solasodanol 
was 1:4,000; of dihydrosolasodanol 1: 2,000 or 1: 4,000; of dihydrosolasodenol and 
solanidine 1: 2,000. The more readily soluble salts of solasonine and solmargine were 
used in a concentration of 1: 100 and 1:10 respectively of the glycosides. All doses 
mentioned refer to the aikaloids unless otherwise indicated. 


Atropine was given in some of the experiments; all doses refer to atropine sulphate. 
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* The /-adrenaline tartrate which was used in these studies was generously supplied by Winthrop 
Chemical Company. 
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RESULTS 


Dihydrosolasodenol and dihydrosolasodanol 


In order to establish more correctly the anti-accelerator potency of dihydro- 
solasodenol and dihydrosolasodanol additional experiments were performed with 
the two substances similar to the experiment of Fig. 5 of the earlier communication 
(Krayer and Briggs, 1950). The results of five experiments with dihydrosolasodanol 
and of three with dihydrosolasodenol are given in Fig. 1. There appears to be no 
distinct difference between the potency of the two compounds. The dose-response 
curve drawn corresponds to the best fitting straight line of a probit plot of all the 
inhibition values of the eight experiments. It represents an I;) value of 1.8 mg. 

The maximal amount of 5 per cent dextrose solution given in these eight 
experiments, with the dose causing complete inhibition of acceleration, varied 
between 10 and 40 c.c. (average 24 c.c.). 


Solasodine and solasodanol 


In the attempt to determine quantitatively the anti-accelerator potency of 
solasodanol difficulties were met on account of the low solubility and low potency 
of the substance; this required large amounts of 5 per cent dextrose to be administered 
to the HLP. 

In order to assess the influence upon the accelerated heart rate of the solvent 
itself, five control experiments were run, starting out with a total blood volume in 
the HLP of 650 to 700 c.c. Adrenaline infusion was carried out as in all other 
experiments. When the steady state condition of cardio-acceleration was reached, 
5 per cent dextrose solution was successively administered in doses of 10, 20, 70, 
100, and 100 c.c. up to a total dose of 300 c.c. The injections were made in 1, 2, 4, 
5, and 5 min. respectively. Ten minutes were allowed to elapse between the end 
of one injection and the beginning of the next. This time interval usually sufficed 
to re-establish steady state conditions of heart rate. Care was taken to maintain 
the temperature of the blood in the HLP constant. 

The injection of 10 c.c. of dextrose solution did not cause a change in heart 
rate, but when the next dose of 20 c.c. was injected the heart rate decreased between 
1.4 and 14.5 (average 7.5) per cent of the acceleration caused by the adrenaline 
infusion. The additional doses decreased the heart rate further. After the total 
dose of 300 c.c. had been administered the heart rate in the five experiments stabilized 
at a level 17, 18, 20, 34, and 38 (average 25.4) per cent below the level of maximal 
acceleration, in spite of the continuing administration of adrenaline at the same rate. 

As the solubility of the hydrochlorides of solasodine and solasodanol in 5 per 
cent dextrose solution was 0.25 mg. per c.c., not more than between 50 and 75 mg. 
of either substance was administered in a single experiment. 

The results of two experiments with solasodine and of three experiments with 
solasodanol are shown in Fig. 2, on the left. The per cent values of inhibition 
are plotted against the doses of the solanum alkaloids as well as against the doses 
of 5 per cent dextrose solution given with the respective doses of the alkaloids. 

The results of the five control experiments with dextrose solution alone are 
represented by the hatched area. The average decrease in heart rate caused by 
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FiG. 2.—The anti-accelerator activity of solasodine, solasodanol, and solanidine. Heart-lung 
preparation of the dog; 7 experiments. Cardio-acceleration was produced by the continuous 
infusion of 3 wg. /-adrenaline per minute. Ordinate: percentage inhibition of acceleration. 
Abscissa at the bottom: total dose in mg. present in the HLP. Abscissa at the top: total 
amount of 5 per cent dextrose solution given with the corresponding total dose of alkaloid. 
On the left: open circles, solasodine (2 experiments); full circles, solasodanol (3 experiments). 
On the right: open circles, solanidine ** Briggs’’; full circles, solanidine ** Prelog.’” One 
experiment each. Hatched area: heart rate decrease by solvent (5 per cent dextrose) alone. 
5 experiments; drawn curve: mean of heart rate decrease. For further explanation, see text. 


the solvent in the control experiments is represented by the curve drawn within 
the hatched area. 

It is obvious from these results that doses of approximately 25 mg. of solasodine 
or solasodanol exert an effect which probably cannot be explained by the action of 
the solvent. Even doses of 50 to 75 mg. do not cause complete inhibition of 
acceleration. There appears to be no distinct difference between the potency of 
solasodine and of solasodanol. While the anti-accelerator activity of the two 
substances has thus been established by these experiments, the influence of the 
solvent alone upon the heart rate does not justify attributing validity of an accurate 
quantitative nature to the results. 


Solasonine and solmargine 
The glycosides solasonine and solmargine possess the characteristic anti- 
accelerator property. The onset of action and the rate of development of the 
maximal effect are fast (see Fig. 3) as with their genin solanidine and with the other 
three secondary solanum alkamines. 
It was pointed out (Krayer, 1949) that the determination of the initial rate 
presented a problem if anti-accelerator activity was to be measured quantitatively. 
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In a number of experiments of a given series, run under identical conditions, the 
inhibition of acceleration decreased the rate below the observed initial rate. In 
such experiments the “‘ corrected initial rate’? was used for the calculation of the 
percentage inhibition of acceleration caused by a certain dose of an active substance. 

The low potency of solasonine and solmargine, in spite of adequate solubility, 
made it impossible for lack of material to effect complete inhibition of acceleration. 
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| 1G. 3.—The graded anti-accelerator action of solmargine (and veratramine). Dog, male, 12.2 kg. 
Heart-lung preparation. Mean arterial pressure 103 mm. Hg. Systemic output 550 c.c. per 
minute. Total blood volume at beginning 850 c.c. Temperature 38.0° C. Black bar: 
continuous infusion of 3 micrograms of /-adrenaline base per minute. A: 10 mg. atropine 
sulphate were injected. S: solmargine was injected at the signals in doses in mg. indicated by 
the figures. V: veratramine was injected at the signals in doses in mg. indicated by the figures. 
At CT a competence test was performed. 
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he anti-accelerator action was therefore increased by supplementary doses of 
sratramine.* Veratramine was chosen not only for its potency but also because it 
the best known anti-accelerator substance and is available in sufficient quantity 
) serve as a reference standard for a comparative study of anti-accelerator potency. 

The successive administration of solmargine in the experiment of Fig. 3, leading 
a total dose of 300 mg., caused a decrease in heart rate from 244 to 210. The 
, bsequent administration of veratramine (up to a total of 3 mg.) reduced the rate 
c 137 per min. On the basis of the “* corrected initial rate’ of 137, the inhibition 
acceleration caused by 300 mg. of solmargine, therefore, was not 36 beats of an 


{v 





€ * The veratramine used was prepared by Dr. S. Bernstein and was generously supplied by 
| derle Laboratories, a Division of American Cyanamid Company. 
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acceleration of 78 (168 to 246) but of a “‘ corrected” acceleration of 109 (137 to 
246) or 33 per cent rather than 46 per cent. 

The corrected inhibition values of the experiment of Fig. 3 with solmargine 
and of one experiment conducted with solasonine are given in Table II in terms of! 


TABLE II 


ANTI-ACCELERATOR CARDIAC ACTION OF THE SOLASODINE GLYCOSIDES SOLMARGINE AND 
SOLASONINE IN THE HEART-LUNG PREPARATION OF THE DOG* 





Total dose in mg. Total dose in mg. 


Inhibition : _| Inhibition 
Solmargine Solasodine par com | Solasonine Solasodine por com 
65 | : 31 | 4 7 a 7 645 - 30 my . 16 . 
130 62 15 129 60 25 
215 102 26 215 100 32 
300 143 33 310 140 37 
405 186 44 





* Cardio-acceleration was produced by continuous infusion of 3 yg. /-adrenaline base per minute. 


the genin (solasodine) equivalents of the two glycosides. The total amount of 
5 per cent dextrose administered was 3 c.c. in the solmargine and 40 c.c. in the 
solasonine experiment. 


Solanidine 


The results of the two experiments with the tertiary amine solanidine are shown 
in Fig. 2, on the right. All the inhibition values, except one obtained with the 
total dose of 1,, mg. which lies slightly below, fall within the hatched area. The 
decrease in heart rate, therefore, can be explained by the effect of the solvent alone. 
Hence, even in a dose of 150 mg. solanidine did not exert a distinct anti-accelerator 
action under the conditions of these experiments. 


DISCUSSION 


In spite of the difficulties presented by low solubility and low potency, the 
results of this study indicate that solasodine has anti-accelerator properties. While 
no correct I;, value could be established, this value can be said to be higher than 
50 mg. on the basis of the experiments with solasodine itself. The potency of the 
solasodine glycosides, solasonine and solmargine, suggest an I; value of the 
aglycone of more than 180 mg., unless the anti-accelerator property is changed, as 
is the solubility, by the introduction of the three sugars into the molecule. 

The hydrogenation of solasodine leading to solasodanol has no apparent 
influence upon the anti-accelerator potency, while the opening of the oxide linkage 
at C,, leading to dihydrosolasodenol greatly increases it. Further hydrogenation 
in Ring B, as it takes place in the formation of dihydrosolasodanol from dihydro- 
solasodenol, is apparently without additional influence on anti-accelerator potency. 

The quantitative comparison of the solanum alkaloids with the veratrum 
alkaloids, veratramine and jervine, examined under comparable conditions in the 
HLP, yields the following results: solasodine and solasodanol (Is, probably con- 
siderably above 120 umoles and possibly higher than 400 umoles) are far less potent 
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than jervine (Is, = 18 mmoles); dihydrosolasodenol and dihydrosolasodanol 
(I;, = 4.3 wmoles) are intermediate in potency between jervine and veratramine 
(I. = 0.4 wmoles). 

Veratrosine and pseudojervine, the glycosides of veratramine and jervine with 
one molecule of D-glucose, were shown to have an anti-accelerator action differing 
from that of their genins in that it develops gradually (Krayer, 1950). In contrast 
to this, the anti-accelerator action of solasonine and solmargine, glycosides of 
solasodine and three molecules of sugar, bring about their effect abruptly as does 
their genin. 

The observation that solanidine in doses up to 150 mg. does not exhibit distinct 
anti-accelerator action is in agreement with further experiments with the tertiary 
veratrum alkamine cevine, which did not show anti-accelerator action in doses up 
to 200 mg. The anti-accelerator activity of the solanum as well as of the veratrum 
alkaloids appears to be restricted to the secondary amines. 


SUMMARY 


Solasodine, a steroid alkaloid of secondary amine character; its hydrogenation 
products, solasodanol, dihydrosolasodenol, and dihydrosolasodanol; two of its 
naturally occurring glycosides, solasonine and solmargine; and the tertiary amine 
solanidine have been studied for their anti-accelerator potency in the heart-lung 
preparation of the dog. Acceleration of heart rate was produced by continuous 
infusion of 3 wg. of adrenaline base per min. under comparable conditions of 
blood volume, temperature, and work load. 

The secondary solanum alkaloids, including the solasodine glycosides, have 
anti-accelerator properties similar to those of veratramine and jervine, the secondary 
veratrum alkamines to which the solanum alkaloids are chemically related. 

The potency of solasodine is very low. No change in potency occurs by the 
hydrogenation of solasodine to solasodanol, while potency is greatly increased by 
hydrogenation to dihydrosolasodenol and dihydrosolasodanol. 

The tertiary amine solanidine appears to have no anti-accelerator activity. 


We wish to thank Mr. Arthur C. Campbell for the expert technical help given during the 
course of these experiments. 
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NEW METHODS FOR THE QUANTITATIVE 
ESTIMATION OF FREE AND CONJUGATED 
HISTAMINE IN BODY FLUIDS 


BY 
MICHAEL ROBERTS AnD HENRY M. ADAM 


From the Department of Pharmacology, University of Edinburgh 
(Received September 18, 1950) 


Chromatographic purification, combined with very sensitive biological methods 
of assay, can greatly facilitate the quantitative estimation of physiologically active 
compounds occurring at extremely low concentrations in body fluids. New tech- 
niques of this kind appear to be essential before further progress can be made in 
the investigation of any role histamine might play in normal human physiology. 
Free, pharmacologically active histamine has not yet been reliably estimated in 
human plasma. Human urine has been shown to contain fair quantities of histamine, 
but almost entirely in a conjugated form (Anrep, Ayadi, Barsoum, Smith, and Talaat, 
1944). Urbach’s work (1949) suggests that urinary conjugated histamine is acetyl- 
histamine [4(%-acetylaminoethyl)imidazole], and Tabor and Mosettig (1949) were 
able to isolate this compound from the urine of dogs fed with histamine and to 
identify it chemically. Evidence for the normal appearance of free histamine in 
human urine is not so clear-cut. Ackermann and Fuchs (1939) prepared from a 
single sample of 10 litres of urine, by adsorption on Lloyd’s Reagent and purification 
through the phosphotungstate, a quantity of histamine the bioassay of which implied 
a concentration of 11.7 vg./litre of free base in the original urine. But Anrep ef 
al. (1944), using a charcoal-adsorption method, were able to detect no more than 
traces of free histamine in normal human urine, a result confirmed later by Adam 
(1950). 

In attempting to work out simpler and more sensitive methods, we have examined 
a number of chromatographic materials for their capacity to adsorb histamine 
and acetylhistamine. Adsorbents able to take up these substances directly from 
body fluids were specially looked for. Such materials would make easier the 
concentration of these compounds (free histamine in particular) from relatively 
large volumes of fluid. An adsorbent which could separate histamine and acetyl- 
histamine quantitatively would be extremely valuable, and would make possible the 
independent determination of these substances in fluids where they occur together. 
As the quantities expected are minute, sensitive and relatively specific biological! 
methods of assay have been used in preference to chemical methods. 


The adsorption of histamine and its separation from acetylhistamine 


Permutit-like materials have been tried out for histamine by Whitehorn (1923), 
Schwartz and Riegert (1936), and Code and Ing (1937). Such adsorbents act by 
cation-exchange, and are capable of taking up the ions of organic bases from ver 
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lilute solutions. After investigating a number of commercially available cation- 
xchangers, we decided to use columns of a synthetic zeolite known as Decalso* 
for the adsorption of free histamine from body fluids, and its subsequent elution 
in a state pure enough for pharmacological assay. Acetylhistamine and urinary 
conjugated histamine are not taken up by Decalso from solutions on the alkaline 
side of neutrality, and their separation from free histamine is quantitative over 
the pH range 8 to 10. 

The most difficult problem encountered in using Decalso for the determination 
of free histamine was to find a reasonably efficient way of eluting the adsorbed base. 
Strong salt solutions (e.g., saturated sodium or potassium chlorides) can be used, 
but are not suitable in pharmacological work. A better device is to treat the Decalso 
with a high concentration of a displacing base, and to elute the liberated histamine 
in an organic solvent. Strong ammonia is convenient, because it can be removed 
readily by evaporation. Various organic solvents were tried; the best were those 
immiscible or only partially miscible with water, because they provided an eluate 
free of inorganic ions; n-butanol and chloroform are probably equally efficient, 
but chloroform is the more convenient owing to its lower boiling-point, and was 
chosen for the final method (see p. 529). 

The fundamental steps of the Decalso method, therefore, are adsorption of the 
histamine, and elution of the base with strong ammonium hydroxide followed by 
chloroform. Certain small variations have occurred in the method during the 
course of the work, but there has been no evidence that these have made any important 
difference in the efficiency of the elution. The final technique described later 
(p. 529) was adopted largely for reasons of maximum simplicity. 

The Decalso method for free histamine can be applied to urine, and, with slight 
modification, to blood plasma and gastric juice. The technique has been tested 
by recovering known amounts of histamine added to these fluids, over the range 
of concentration 10 to 250 vg./litre. Recoveries were not, on the average, better 
than 67 per cent, but this disadvantage is outweighed by the applicability of the 
method to fluids having a free histamine concentration well below that measurable 
by existing techniques; this is due to the concentrating effect of passing large volumes 
if fluid through the Decalso column, and taking up the extract in much smaller 
volumes for assay. 


The adsorption of histamine conjugates 


The method of Anrep et al. (1944) depends on the adsorption of total histamine, 
ree and conjugated, by shaking the urine sample with activated charcoal. Elution 
; carried out with ethyl alcohol containing hydrochloric acid. The difference in 
he activity of the hydrolysed and unhydrolysed portions of the eluate represents 
he amount of conjugate present in the sample. Adam (1950) used a simplified 
orm of the method to follow the excretion of administered histamine in human urine. 

The method to be described here is still based on the use of activated charcoal, 
ut has undergone two important modifications. First, the conjugate is separated 
rom the free histamine on columns of Decalso and determined independently. 
econdly, the conjugate is adsorbed on columns of activated charcoal mixed with 
‘ne washed sand to aid filtration. The method has been tested by carrying out 





* Decalso, Grade F, was obtained from the Permutit Co., Ltd., London, W.4. 
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recovery experiments with acetylhistamine added to urine. Recoveries were good. 
and comparable results were obtained by adding to the urine a sample of urinar: 
conjugated histamine which had been extracted in a partly purified state from 
urine containing large amounts of this substance. Two experiments were done in 
which histamine and acetylhistamine were added to the same urine, and recoveries 
of each evaluated by a combination of the Decalso and the charcoal-sand technique 


Application of the new methods 

These methods have been applied to the independent estimation of the 24-hour 
excretions of free and conjugated histamine in the urines of five healthy men over 
a period of six days. As free histamine has appeared in measurable amounts in 
every urine so far examined, and seems to be continuously excreted, attempts were 
made to confirm its authenticity. Evidence was obtained by the use of the specific 
antagonist mepyramine maleate (Reuse, 1948), and by parallel assays on the guinea- 
pig ileum and the cat blood pressure. The stability of the active substance to acid, 
alkali, and diamine oxidase was also investigated. 


EXPERIMENTAL 
Adsorption-pH curves for free and conjugated histamine on Decalso 
The data on which the methods are based are best expressed by curves showing 
the degree of adsorption of the substances over a range of pH. Fig. | relates the 
percentage adsorption of 100 yg. histamine, and of 200 xg. synthetic acetylhistamine 
(m.p. 147° C.), to pH over the range 5 to 13 on columns of Decalso 8 cm. high and 
1 cm. in diameter (for preparation, see p. 529). For pH 5 to 10, bduffer solutions 
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Fic. 1.—Adsorption-pH curves for 100 xx. 
histamine (open circles), and 200 xg. 
acetylhistamine (blackened circles), on 
columns of Decalso. Buffer solutions used : 
NaOH + potassium hydrogen phthalate 
(pH 5); NaOH-+NaH,PO, (pH 6-7): 
NaOH + H,BO,-+ NaCl (pH 8-10). NaOH 
solutions, containing about 1°, NaCl, were 
used for pH 11-13. 
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were made up and standardized electrometrically. For pH 11 to 13, sodium 
hydroxide solutions were used (0.001 to 0.1 N), containing sodium chloride to bring 
the ionic strength very approximately up to that of the buffer solutions. The Decalso 
columns were first washed with 15 ml. of buffer or sodium hydroxide; 10 ml. of 
buffer containing the histamine or acetylhistamine were then added to the column. 
and collection of the eluate started immediately. Further washing with solution 
of the same pH was continued till 25 ml. of eluate had come through. The p!! 
of the eluate was again checked, but very little shift had occurred, except with acd 
buffers. Histamine in the eluate was assayed biologically; acetylhistamine color - 
metrically by McPherson’s modification (1946) of the Pauly Reaction. 
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Bioassays showed that histamine below the pH corresponding roughly to its 
‘K, value is more than 99.8 per cent adsorbed on Decalso columns (pK» of the 
NH.-group = ~ 4.3. pK,= 14—pK, =~ 9.7. Levy, 1935). Abovea pH of 9.7, 
vhere the ionization of histamine is suppressed, the adsorption falls off, and does 
iot occur at all at pH 13. There is evidence of slight adsorption of the weaker base 
cetylhistamine (pK, — ~ 6) in the acid range of pH, but the degree of adsorption 
s very sensitive to slight differences of salt concentration. Over the pH range 8 
io 10, acetylhistamine is not adsorbed, however low the salt concentration. A 
quantitative separation of histamine and acetylhistamine can be carried out on 
Decalso columns between these pH limits. Similar results are obtained with urinary 
-onjugated histamine, and complete separation of the histamine and conjugated 
histamine in urine can be effected by passing the urine at pH 8 through Decalso. 


idsorption-pH curves for acetylhistamine on charcoal 

Fig. 2 shows a curve relating percentage adsorption of acetylhistamine to pH 
over the range 2 to 10 on charcoal. Charcoal-sand columns 8 cm. by 1.2 cm. (for 
preparation, see p. 534) were washed with 10 ml. buffer solution, and 400 ug. acetyl- 
histamine in 10 ml. buffer added. Collection of the eluate was begun at once, and 
the columns washed with more buffer till 25 ml. eluate had percolated through. 





f 
100 


liG. 2..-Adsorption-pH curve for 400 ug. acetyl- 


histamine on charcoal-sand columns. Buffers 
used: HCI+ potassium hydrogen phthalate 
(pH 2.2-3); NaOH+potassium hydrogen 
phthalate (pH 4-5); NaOH-+NaH,PO, 
(pH 6-8); NaOH+H,BO,+ NaCl (pH 9-10). 
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\ny acetylhistamine in the eluate was determined colorimetrically by McPherson’s 
modification of the Pauly Reaction. Adsorption is quantitative at pH 4 to 10, 
but falls off in more strongly acid media. The complete adsorption at pH 8 was 
confirmed by hydrolysing part of the eluate (p. 533), and testing for free histamine 
ctivity on the guinea-pig ileum. 


The Decalso method for free histamine 
Details of the final method 
(a) Columns ; We generally used a glass tube 20 cm. long and | cm. internal diameter, 
ith a narrower tube (1-2 cm. long; 4 mm. internal diameter) fused at one end. For 
irger volumes of fluid, a column with a 50 ml. bulb, of the type illustrated in Fig. 3, is 
1ore suitable (but with internal diameter | cm. as before). A pad of cotton-wool is placed 
1 the constricted end of the tube, and Decalso Grade F (mesh 60 to 80; no preliminary 
eatment) is introduced in small quantities at a time and packed down firmly with a glass 
imper (cf. Fig. 3, part 5). A column 6 cm. high is prepared (containing about 3 g. 
ecalso), and a small pad of cotton-wool placed on top. 


(b) Preparation of the fluids for adsorption: Urine is adjusted with dilute hydrochloric 
cid or sodium hydroxide to a pH of about 8 (BDH Universal Indicator: green) and then 
tered. Blood plasma requires no adjustment of pH, but is better diluted with 1 volume 
‘distilled water to increase the rate of percolation. No removal of protein is necessary. 
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charcoal-sand adsorption 
column: (a) glass feed 
with tube tapering to 
2 mm. internal diameter; 


(4) tamper with head of 


1.1 cm. diameter; (c) neck 
of spherical bulb 1.5 cm. 
internal diameter ; (d) bulb 
of 50 ml. capacity; (e¢, e’) 
cotton-wool pads; 
( f )charcoal-sandcolumn, 
1.2 cm. internal diameter, 
height 8 cm.; (g) tip, 
3.5mm. internal diameter. 
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Gastric juice is first filtered through glass wool, and mucins 
which would otherwise seriously impede percolation, are 
removed by adding one volume of acetone (AR) to the juicc 
at pH<4 and warming the mixture to 60°C. After storin; 
the juice at 0° C. for a few hours the precipitate is removed 
by centrifugation at 3,000 r.p.m. for 20 minutes. The pH 
of the decanted fluid is adjusted carefully to 8 (BDH 
Universal Indicator), and centrifuged again at 3,000 r.p.m. 
for 20 minutes just before adsorption. The clear liquid 
passes easily through Decalso; the presence of acetone does 
not interfere with the adsorption of histamine. 


(c) Adsorption and elution procedures: The Decalso 
column is washed with 10 ml. distilled water before the fluid 
to be adsorbed is added. Percolation of urine is usually 
about 50 ml. per hour. Plasma and gastric juice percolate 
rather more slowly, and the rate may be increased if 
desired by application of a small positive pressure (about 
| cm. of Hg). But rates of percolation greater than about 
60 to 80 ml. hr. are not recommended, or adsorption may 
not be complete. After the fluid has passed through, the 
column is washed five times with 5 ml. of 0.9 per cent 
(w/v) sodium chloride solution, followed by 15 ml. absolute 
alcohol to remove most of the water. 

Elution is carried out by adding 3 ml. AnalaR ammonium 
hydroxide (sp. gr. ~ 0.880), followed, just as soon as the 
top of the column dries, with 50 ml. AR_ chloroform 
saturated with ammonia gas (prepared by bubbling dry 
ammonia gas through the solvent until gas ceases to dissolve). 
Collection of the eluate is begun just after addition of the 
strong ammonium hydroxide. 

(d) Evaporation: The chloroform-ammonia eluate is 
collected and evaporated in the apparatus already described 
by Adam (1950). The solvents (chloroform, alcohol, and 
traces of water) and ammonia are removed on a water-bath 
under reduced pressure at a temperature below 40° C. 
The slight residue is dried off at 60° C., first with 10 ml. 
absolute alcohol containing 3 per cent (v/v) concentrated 
HCI to neutralize traces of alkali, and finally with 10 ml. 
absolute alcoho]. The acidified extract may be stored in a 
desiccator for several days without loss of activity. 

Plasma extracts sometimes, gastric juice extracts always, 
contain acid-labile substances causing a slow contraction 
of the guinea-pig ileum not inhibited by mepyramine 
maleate. These extracts, therefore, are boiled on a sand 
bath for 60 minutes with 20 per cent HCI (2 vol. con 





centrated AR HCl 1 vol. water). The acid is evaporated off under reduced pressur¢ 
and the residue dried uff with two 10 ml. portions of absolute alcohol. 

As thc chloroform-ammonia elution eliminates inorganic ions (except 
j» insufficient to affect the assay), the extract is taken up in a small volume 
(5 to 10 ml.) of normal physiological saline. After addition of neutral red indicator (! 
to 2 drops 0.01 per cent solution) and careful neutralization with sodium hydroxide, the 


(e) Assay: 
traces of NH; 
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extract is ready for assay on the isolated guinea-pig ileum suspended in 2 ml. Tyrode’s 
solution containing atropine (0.1 yg./ml.). All histamine values quoted in this paper 
are expressed in terms of the base, on the assumption that the histamine acid phosphate 
(BDH) used as standard contains 36.16 per cent histamine. 


Recoveries of free histamine by the Decalso method 


From human urine.—Table I records a series of experiments to estimate the 
recovery of histamine added to human urine over the concentration range 10 to 
100 yg./litre (0.5—5.0 ug. added to 50 ml.). The experiments were carried out on 
urines from healthy men, and were usually done at the same time as the 24-hour 
excretion determinations (see Table VII). Recoveries were estimated by subtracting 
the histamine activity in a control sample of urine from that measured in the urine 
with added histamine. At the lowest concentration (10 ug. /litre—i.e.,0.5 ug. to 50 ml.), 


TABLE I 
RECOVERIES OF HISTAMINE ADDED TO HUMAN URINE 





Histamine (ug.) added to 50 ml. filtered | 





urine atpH 8 .. sa - ao ae 1.0 2.5 5.0 
Number of estimations... - si 10 10 10 10 
Mean percentage recovery x os 63.1 65.7 77.9 68.7 
Range ve - 7 - .. | 45-100 49-85 68-92 64-77 
S.D. en - on wa . | Oe 11.5 8.1 | 5.0 
S.E.of the mean .. HP ae ie 5.0 3.6 | 2.6 | 1.6 
Noré.—In two estimations, acetylhistamine was also added to the urine and subsequently 


determined by charcoal adsorption. (See Table VI.) 


the amount of histamine normally present in the urine is liable to be greater than 
the amount added, and estimates of the recovery become very sensitive to errors 
in assay. Seven of the ten recoveries at this level, therefore, were carried out on 
urine from which most of the free histamine had been removed by previous passage 
through a short Decalso column. (The urine used in five of these experiments, 
about 300 ml., had been passed through a column too small to remove all the 
histamine, but the concentration was reduced to 8 zg./litre.) The technique was 
consistent throughout the series of determinations, and differed from the “‘ final 
method ** already described only in this respect: that the elution was performed 
with chloroform-ammonia heated to about 50° C. Later it appeared that elution 
with chloroform-ammonia was no less efficient in the cold. 

Recoveries appeared to be maximal at an added concentration of 50 ug./litre 
(2.5 wg. to 50 ml. urine), all the other concentration levels (10, 20, and 100 xg./litre) 
giving significantly lower values. This anomaly is difficult to explain, but it should 
ve emphasized again that the recoveries quoted are all determined by difference 
between a control sample and a sample with added histamine. This calculation 
issumes the actual recovery of histamine to be constant over the whole range of 
oncentration. If in fact the actual recovery increases with the concentration to 
reach a steady level at (say) about 50 xzg./litre, the somewhat less efficient recovery 
f the control histamine could lead to quite a big exaggeration of the estimated 
ecovery, so long as the added amount of histamine was not arge compared with 
the control. As the added quantity increased, the exaggeration effect would become 
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TABLE Il 
RECOVERIES OF HISTAMINE FROM OTHER BODY FLUIDS 





25 ml. human gastric | 





10 ml. stored human juice precipitated 50 ml. dog urine, 
plasma + 10ml. water; with 25 ml. acetone PH 8 
Histamine added (yug.) ae 1.0 5.0 1.0 5.0 1.0 2.0 5.0 
Number of estimations... l 4 3 3 7 l I 
Mean % recovery .. = 60 63 76 75 70 59 54 
Range - os es — 58-67 | 68-80 63-82 59-90 — - 
TABLE III 


RECOVERIES OF HISTAMINE FROM SALINE 





Quantity of histamine adsorbed d (ug. ) 1.0 3: 
Number of estimations F v) 16 
Mean percentage recovery 57.8 65.4 
Range : a 50-71 50-83 
o.2. 8.2 12.0 
S.E. of the mean. ae 3.0 





relatively less serious. This hypothesis could explain the appearance of a maximum 
in the measured recovery-concentration curve, and so avoid the unlikely conclusion 
that the actual recovery rises to a maximum and then falls off again. 


From other body fluids—A few recovery experiments were done with stored 
human plasma (containing no detectable free histamine), human gastric juice. and 
dog urine. Mean recoveries and range of values are recorded in Table II, and 
are comparable with those obtained with human urine. Values, as before, were 
calculated from the difference between a control and fluid plus added histamine. 

From pure solution.—Table III shows some recoveries of 5 wg. and | yg. histamine 
added to 0.9 per cent NaCl solution. Most of these were done during the early 
stages of working out the Decalso method, when the technique was liable to undergo 
slight modifications. There was no significant difference between recoveries at 
the two levels (P>0.05). 


The hydrolysis of histamine conjugates 
Some anomalous results obtained with urinary conjugated histamine led us to 
reopen the question of the conditions necessary to ensure complete liberation of 
free histamine by acid-boiling. The problem was made easier by having for investi- 
gation a pure sample of acetylhistamine (m.p. 147° C.). The hydrolysis was carried 
out with 10 ml. 20 per cent hydrochloric acid in a 150 ml. spherical flask fitted with 
an air-condenser. Table IV shows the results of treating in this way various quan- 
tities of acetylhistamine, first on a boiling water-bath for one and a half to six hours, 
secondly on a sand-bath heated sufficiently to produce steady boiling of the acid 
inside the flask. Similar experiments were performed with a urine extract, practi- 
cally devoid of free histamine, prepared by charcoal-adsorption and elution from 

a urine containing large amounts of conjugated histamine. 
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TABLE IV 
HYDROLYSIS OF CONJUGATED HISTAMINE 











Amount treated Amount hydrolysed (ug.) after 
Conjugate with strong Conditions — 7 —— 
HCI (ug.) l 1.5 3 6 hours 
N-acetylhistamine .. 10 Water-bathat | — an 3.8 8.3 (as acetyl- 
10 100° C. —- 3.0 4.1 7.6 histamine) 
Urine extract A con- 1 ml. Water-bath at 4.8 10 12 (as hist- 
taining conjugated , 100°C. amine) 
histamine 
N-acetylhistamine .. 10 | Boiling on a! 10 } 
. sand-bath _ (as acetyl- 
25 23 histamine) 
2.5 2.4 
Urine extract A con- | | ml. Boiling on a 15.4) a - e wen SE 
taining conjugated 1 ml. sand-bath tea peas histamine) 
histamine 
L-histidine (pure) | 100 Boiling on a | <0.1 (as histamine) 
sand-bath 





The results show that on a water-bath hydrolysis of acetylhistamine is not 
complete even after six hours. But one hour on a sand-bath, with steady boiling 
of the acid, is sufficient to liberate the theoretical amount of histamine activity. 
Comparable results were obtained with the urinary conjugate, which yielded its 
maximum activity only after boiling on a sand-bath. Decomposition of L-histidine 
to histamine was not detected under these conditions, either in the pure state or 
when added to a urine charcoal extract. 

In all our experiments, therefore, urinary conjugated histamine was hydrolysed 
by boiling for one hour on a sand-bath with 10 ml. 20 per cent HCI (2 vol. AnalaR 
concentrated HCI] + | vol. water). Care must be taken, however, to avoid desicca- 
tion on the sides of the flask, by adjusting the boiling so that very little evaporation 
of the acid occurs. If a tendency to loss of volume is noticed, the amount of acid 
should be maintained at 10 ml. by adding more. If there is serious desiccation, 
exaggerated histamine activity may be found in the hydrolysed extract, possibly 
owing to decarboxylation of histidine. With the precautions outlined above, there 
is no danger of this happening. 


The charcoal-sand method for conjugated histamine 


Apparatus and reagents.—The apparatus used for the evaporations, and the source 
and method of preparation of the activated charcoal, have already been described (Adam, 
1950). The charcoal is of small particle size, but can be used in a column provided it is 
mixed with an inert filter-aid. Fine sand (BDH, mesh 60-80, washed with acid) is suitable 
but it must first be freed from substances which interfere with the bioassay. These can 
be removed by washing the sand with the prospective eluant in the following way. About 
300 g. sand are made into a column 24 cm. high, and washed first with tap-water. A total 
of 300 ml. of 3 per cent acid-alcohol (95 ml. absolute alcohol + 2 ml. water + 3 ml. AR 
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conc. HCl) is then allowed to percolate through the column. The sand is washed with 
tap-water until all the acid is removed, and then with distilled water. Finally, it is treated 
with absolute alcohol, transferred to a porcelain dish, and heated to dryness. 

Preparation of the charcoal-sand columns.—The parts required are shown in Fig. 3. 
The adsorbent mixture consists of 140 mg. of activated charcoai mixed with 14 g. sand. 
If the proportion of charcoal to sand is greater than 1 per cent, the percolation time becomes 
unduly prolonged. A disadvantage of this mixture is the tendency for the charcoal to 
separate from the sand, and for this reason packing of the column requires care. The 
following method was adopted. Previously weighed lots of charcoal and sand are mixed 
in a stoppered 50 ml. conical flask, and the mixture transferred to the glass feeding device 
(Fig. 3, a), from which it flows into the chromatography tube. Firm strokes of the tamper 
b are applied at a rate of about one in two seconds. The final column is about 8 cm. high. 


Adsorption procedure.—Wash the column with 10 ml. distilled water to remove traces 
of loose charcoal, and then add the solution for adsorption. This consists usually of 
5 ml. of urine that has passed through a Decalso column (“‘ Urine Decalso Percolate,” or 
UDP), made up to 10 ml. with distilled water. After the urine adsorption, wash the column 
again twice with 10 ml. distilled water. Up to this stage, the percolations are allowed to 
proceed by gravity. 

Elution, hydrolysis, and assay.—A few experiments indicated that elution of adsorbed 
acetylhistamine was maximal with alcohol containing at least 3 per cent (v/v) of concen- 
trated HCl. Not less than 30 ml. of the mixture were necessary for satisfactory elution. 
Add to the column, therefore, 30 ml. 3 per cent acid-alcohol (95 ml. absolute alcohol 
2 ml. water + 3 ml. AR conc. HCl). The percolation can be safely accelerated by applying 
a pressure of 2 cm.-Hg to the top of the column; this about doubles the flow-rate. The 
total time required for adsorption and elution is about one hour. 

After the eluate has been taken to dryness, hydrolyse the extract in the way already 
described (p. 533). The residue left after evaporating off the 20 per cent acid under reduced 
pressure is small, and easily taken up in 9.5 ml. 0.9 per cent saline. Add 2 drops of neutral 
red indicator (0.01 per cent solution) to the suspension and neutralize with dilute sodium 
hydroxide. Make the volume up to 10 ml. and centrifuge at 2,000 r.p.m. The supernatant 
is then ready for bioassay. 

Recoveries of conjugated histamine by the charcoal-sand method 

The charcoal-sand column method of estimating conjugated histamine was 
tested by the recovery of acetylhistamine added to Urine Decalso Percolate (UDP). 
In two experiments partially purified urinary conjugate of known activity was added 
to UDP. Mean percentage recoveries and other data are tabulated in Table V. 
Results were corrected, as before, for the amount of conjugate present in control 


TABLE V 
RECOVERIES OF CONJUGATED HISTAMINE ADDED TO HUMAN URINE 





N-acetylhistamine Urine extract A 

Conjugate (ug.) added to 5 ml. urine | -—— Hw —- ——~ —__—_* —— 

Decalso percolate 2s et a 5.0 10 100 3.3 (as histamine) 
Number of estimations 10 10 10 l 2 
Mean percentage recovery 81.8 82.7 90.3 87 83 
Range 68-91 70-93 79-103 
S.D. ny *¢ y 7.0 7.6 
S.E. of the mean 2.4 pe 2.4 
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samples of UDP. Recoveries were consistently good over the range of concentra- 
tions tested (0.5 to 20 ug. acetylhistamine/ml.). 

It was found that the optimum volume of UDP for adsorption was 5 ml. When 
the volume was 10 ml. traces of conjugated histamine appeared in the percolate, 
and when 20 ml. the loss was usually greater than 10 per cent. Unless the urine 
was very dilute, 5 ml. UDP from various subjects contained enough conjugate for 
the assay. Loss in the percolate can easily be measured by passing it through a 
second column. This was done in many of the recovery experiments, and in none 
was there evidence of incomplete adsorption, even when 100 ug. of acetylhistamine 
were added to 5 ml. UDP. 


Recoveries of free and conjugated histamine 
In two experiments, free histamine and acetylhistamine were added simultaneously 
to human urine, and recoveries of each determined. Results of the expected order 
were obtained, and are shown in Table VI. Further details are given here to illus- 
trate the method of evaluating the recoveries summarized in Tables I, II, and V. 


TABLE VI 


SEPARATION AND INDEPENDENT DETERMINATION OF HISTAMINE AND ACETYLHISTAMINE ADDED 
TO HUMAN URINE 





Total free Total conjugate | °, recovery of | °, recovery of 
Sample histamine by by charcoal added free added acetyl- 
Decalso (ug.) (ug. as histamine) histamine histamine 
47 ml. urine A (control) a 0.7 6.5 
17 ml. urine A+5 yg. of hist- 
amine and 20 wg. (= 14.5 ug. 
histamine) of acetylhistamine 4.0 22.0 66 107 
48 ml. urine B (control) ~~ 1.3 4.4 
48 ml. urine B+1 yg. of hist- 
amine and 10 wg. (= 7.25 pg. 
histamine) of acetylhistamine 24 10.0 80 77 





Application of the new methods 


The new methods were applied to the determination of the 24-hour excretions 
of free histamine and conjugated histamine in 5 healthy men. The estimations for 
each subject were carried out for six, not necessarily consecutive, days. The sixth- 
day output was collected in three eight-hourly periods, and separate determinations 
done on each fraction. 


Vethod of collecting and treating the urines 

The day urines were collected in chemically clean, stoppered flasks containing sufficient 
2 N-hydrochloric acid (about 2-5 ml.) to keep the pH below 5. No other preservative 
was used. The day urines were kept overnight at 0° C. The night samples were also 
collected in the presence of 2-5 ml. 2 N-HCI, and mixed the following morning with the 
day specimen; 50 ml. of the total 24-hour sample were adjusted to pH 8, filtered, and 
adsorbed on Decalso; 5 ml. of the UDP were taken for extraction of the conjugated 
histamine on charcoal-sand columns. 
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Results 


These are given in Table VII. Means, range of urine volumes, and range of 
histamine concentrations are also included. The mean free histamine excretion 
is considerably lower than the mean excretion of conjugated histamine, and is 
remarkably constant for a given subject, and even between subjects. The conjugated 
histamine excretion is usually extremely variable, and may alter widely from day to 
day in the same subject. The ratio of conjugated to free histamine in any given 
24-hour sample varies 44-fold from 0.63 to 27.7. The implications of these findings 
are discussed later. 

Any variations of the free histamine excretion within the 24-hour period still 
remain for further investigation. The figures for the 8-hour excretions all show 
a greater average excretion during waking hours than during sleep, but differences 
are hardly big enough for definite conclusions to be drawn. 


TABLE VII 


24-HOUR EXCRETIONS OF FREE HISTAMINE (uG.) AND OF CONJUGATED HISTAMINE 
(uG. CALCULATED AS HISTAMINE) IN FIVE MEN 





Subject : A B Cc D EF 
RE RITE RRR CORRE ES ITE RE 
Histamine: Free Conj. Free Conj. Free | Conj.| Free | Conj.| Free Con). 

Day | 16.8 95 26.2 | 727 26.2 84 30.6 72 26.0 167 
Day 2 16.8 134 18.3 475 28.2 32 16.7 55 | 36.0 206 
Day 3 18.9 119 15.5 | 253 18.1 60 12.1 | 111 | 24.6 39 
Day 4 18.6 105 25.0 82 24.2 65 13.9 89 41.4 63 
Day § ag ke .. | 18.2 | 109 20.5 31 19.9 33 13.8 35 25.2 81 
Day 6" .. ni .. | 18.2 16.8 54 yi 16 13.3 88 23.C | 159 
Mean .. oo | A | OZ 20.4 | 270 23.7 48 16.6 75 29.4 119 
( Ist 8-hrs. _ 6.2 7.3 2 9.4 4.6 6.0 40 6.7 84 
*Day 6< 2nd 8-hrs. fs, wae 5.3 2 10.6 8.0 3.2 21 9.4 5] 
_ 3rd 8-hrs. (sleep) 4.8 4.2 21 5.3 3.6 4.1 27 6.9 24 
. ae Range of 
Number of Grand ae ee tig free hist- 
estimations — mean (:g.) — volumes | @Mine con- 
. centrations 

24-hr. hist- : 
. | Free na 30 21.6 12.1-41.4 “ 8-33 ug. 
amine a > ne 7 630-2100 ml. lore 
excretion | Conjugated 29 125 6-727 itre 





The identification of urinary free histamine 
The substance extracted on Decalso from human urine produced contractions 
of the guinea-pig ileum indistinguishable from those due to authentic histamine. 
Further tests were carried out in order to make as certain as possible that this 
urinary activity was in fact due tofree histamine. Most of the tests were, of necessity. 
pharmacological. They are summarized in Table VIII and illustrated in Figs. 4 and 5. 
Stability to various agents.—The histamine-like activity of the urinary extracts 
was stable to boiling for one hour in 20 per cent HCI, but about 60 per cent was 
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destroyed by treatment with boiling 1/7 N-sodium hydroxide. These are well-known 
chemical properties of histamine, not shared by other common gut-contracting 
substances. The fact that acid boiling does not significantly increase the activity 
emphasizes the efficiency with which the histamine is separated from conjugated 
histamine. 

The histamine activity could also be more than 99 per cent destroyed by incuba- 
tion with a diamine oxidase preparation. This was made by shaking | g. of a pig’s 
kidney acetone-powder with 1/15 M-phosphate buffer of pH 7.4. The supernatant 
after centrifugation contained diamine oxidase activity. Under our conditions, 
about 0.5 ml. of this solution could decompose 2 yg. authentic histamine in 60 minutes 
at 37.5° C. About three to four times as much of the enzyme was required to 
break down 2 ug. of the histamine-like substance extracted from normal human 
urine. This is not surprising, since impurities having an inhibiting effect on the 
enzyme, or competing for it, are likely to occur in the final extract. Authentic 
histamine added to a blank extract, prepared by putting sodium chloride solution 
through the Decalso procedure, was also decomposed less rapidly than histamine 
in pure solution. 


Parallel assays.—Larger volumes of urine were extracted on columns of Decalso 
(10 cm. x 1 cm.). Complete adsorption probably did not occur, but sufficient 
urinary histamine (5-6 ug.) could be obtained for parallel assays. The Decalso 
eluate was taken up in 5 ml. saline and assayed on the blood pressure of an anaesthe- 
tized and atropinized cat (Fig. 5). A suitable dilution was tested on the isolated 
guinea-pig ileum (Fig. 4). Agreement between the two assays was satisfactory 
(Table VIII). 

TABLE VIII 
IDENTIFICATION OF URINARY FREE HISTAMINE 





Direct assay of Assay after Assay after Direct assay 
Decalso eluate extract on boiling extract boiling with of extract 
from guinea-pig ileum in strong HCI | 1/7 N-NaOH for on cat B.P. 
(nug.) for 60 min. (ug.) 60 min. (,g.) (ug.) 
50 ml. urine C 1.1 iz 0.5 — 
450 ml. urine D 5.0 - - 6.0 
| ,200 ml. urine E 6.0 ~ 7 





FiG. 4.—-Responses of guinea-pig ileum to 
equiactive doses of urine D extract (T) 
and histamine standard (S, 0.2 ug./ml.). 
Test solution was 450 ml. human urine 
extracted on Decalso columns and 
concentrated ninefold (cf. Table VIII). 
Arrow represents addition of 0.1 ml. 
mepyramine maleate (concentration: 
2x W*). 





On aia alates 
0.14 0.07 
M 
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FiG.5._-Top part of tracing 
shows assay of urinary 
free histamine on the 
blood pressure of a 
3.1 kg. atropinized cat. 
Test was 1,200 ml. 
human urine E (Table 
VIII), extracted on 
Decalso columns and 
taken un in 10 ml. 0.9°, 
NaCl. Concentration of 
the histamine standard 
(S) was2yg./ml. Result: 
0.7 ml. T was equivalent 
to0.2 ml.S. Arrow in 
second part of tracing 
represents injection of 
1 mg. mepyramine 
maleate. Subsequent 
doses of T and S were 

02 wy ~~ ; 0.7 | = “07 02 inhibited to an approxi- 

. mately equal degree. 








S To bamg. M 4% $ 
Inhibition by mepyramine maleate.—Fig. 4 shows that the response of the guinea- 
pig ileum to a urinary Decalso extract can be inhibited by 0.1 ml. of a solution of 
mepyramine maleate (May and Baker, Ltd.) in a concentration of 2 x 10°. Inhi- 
bition of the same order occurs with equiactive doses of the standard histamine 
solution, and recovery of the sensitivity of the gut to both test and standard occurs 
at a similar rate. Inhibition of the depressor effect on the cat’s blood pressure 
of both histamine and urinary extract was comparable after intravenous injection 
of 1 mg. mepyramine maleate (Fig. 5). 


DISCUSSION 
The Decalso method for free histamine 


The main disadvantage of the method is that recoveries of adsorbed histamine 
are not quantitative, and no way of making them so has been found. The grand 
mean of 116 recovery experiments, carried out with different fluids and by differing 
techniques, is 67 per cent, with a standard error of 1.1. This corresponds to the 
experience of Coulson, Ellinger, and Holden (1944), who could recover only two- 
thirds of nicotinamide adsorbed on to Decalso. None the less, a 67 per cent 
recovery is fairly consistently obtained, and makes possible the application of a 
correction factor, if desired. 

The question of possible variations in the adsorptive properties of different 
batches of Decalso is an important one. No detectable differences, even of percentage 
recovery, have been observed in the several batches used in the course of our work. 
It is wise, however, to test every fresh batch of Decalso for quantitative separation 
of histamine and acetylhistamine at pH 8, and to carry out a few recovery experiments 
as a further check. 

As each column contains only 3 g. of Decalso, it is probably not worth while 
to try to reactivate the adsorbent for further use; we did not do so. 

The disadvantage of incomplete recovery is outweighed, in our opinion, by the 
many advantages of the method. Free histamine can be adsorbed directly from 
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irine or plasma, and from gastric juice after very mild precipitation of mucins with 
acetone. This has not merely the advantage of simplicity, but greatly increases 
ihe probability that any free histamine extracted by so mild a method was really 
in the original fluid. It also makes feasible the concentration of free histamine 
from fluids containing very small quantities of the substance. This is essential in 
studies on normal human free histamine, since concentrations in the urine are of 
the order of 10 to 30 ug./litre, and in the plasma undoubtedly much less. There 
has been no evidence in urine extractions of the simultaneous concentration of 
other active substances liable to interfere with the bioassay. The interfering sub- 
stances occurring in plasma and gastric juice can be easily destroyed by acid-boiling. 
In particular, the Decalso method eliminates potassium. 


The charcoal-sand method for conjugated histamine 


The method has so far been applied to urines only. Recoveries of acetyl- 
histamine, and also of urinary conjugated histamine, are very good over the usual 
range of concentrations found. The method is rapid and simple, but suffers from 
the disadvantage that charcoal is a non-specific adsorbent. The other substances 
adsorbed and eluted from urine, however, did not interfere with assay of the 
hydrolysed samples. 


Identity of the urinary free histamine 


It is not possible, short of complete chemical identification, to prove conclusively 
that the gut-contracting substance present in normal urine is histamine. We can 
say that it is indistinguishable from histamine, both quantitatively and qualitatively, 
over a range of tests. The inhibiting effect of sma// doses of mepyramine maleate 
distinguishes histamine from many other substances, but not from N-methylhistamine 
(Schild, 1947). The latter compound would, however, give discordant results 
when tested against histamine by parallel assays on guinea-pig gut and cat blood 
pressure (Vartiainen, 1935). Present methods of parallel assay would probably 
not differentiate histamine from N-dimethylhistamine (Gaddum, 1948). ° 

The destruction of the urinary substance by diamine oxidase is further useful 
onfirmatory evidence, but it should be emphasized that little is known about the 
action of this enzyme on pharmacologically active compounds closely related to 
histamine, such as the N-alkyl and N-dialkyl histamines. 


“wenty-four-hour excretions of free and conjugated histamine 


It is likely that the conjugated histamine found in human urine is formed in 
i¢ alimentary tract, and that this explains the wide variations in the amount 
‘creted daily. Histamine is present in the food (Anrep et al., 1944), and more is 
obably formed by the bacterial decarboxylation of histidine. When histamine 
given in large doses by mouth, about | per cent is excreted in the urine as the 
njugate, and only a minute fraction as free histamine (Urbach, 1949; Adam, 
50). The small but definite increase in the urinary free histamine shows, however, 
it it is slightly absorbed under these conditions. The fate of the remainder of 
(1e dose is unknown; presumably it is inactivated in the mucosa of the intestine, 
©r excreted in the faeces as free or conjugated histamine. 
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The regular, almost constant, daily excretion of free histamine stands in sharp 
contrast to the unpredictable daily excretion of the conjugate, and suggests a source 
of origin other than the gut. If free histamine is absorbed from the gut, its excretion 
would be expected to vary like that of the conjugate. There is, however, no obvious 
correlation between the values for the conjugate and those for free histamine; but 
this does not altogether exclude the gut as a possible source of urinary free histamine. 

It is also possible that the free histamine is formed or liberated locally in the 
renal tract. A local source cannot be easily excluded, unless a quantitative relation 
can be established between the concentration of histamine in the plasma and its 
excretion in the urine. There is as yet no reliable method of estimating physiologica! 
quantities of free histamine in the plasma. It is known, however, that about | pe 
cent of histamine introduced directly into the blood stream appears in the urine 
as free histamine (Adam, 1950). If, therefore, histamine passes continuously into 
the plasma, either as a result of absorption, or of liberation or formation in tissues 
elsewhere, a proportion of the amount circulating in the plasma would be expected 
to appear in the urine. 

By infusing histamine intravenously it is possible to simulate its passage into 
the plasma and in this way to obtain indirect evidence for the assumption that the 
plasma is the immediate source of free histamine in the urine. In earlier experiments 
Adam (1950) employed doses that produced generalized effects. More recently 
the same problem has been studied by infusing histamine in the dose range required 
to produce graded effects on the acid gastric secretion (Adam, Card, Riddell, Roberts, 
and Strong; in the press). When histamine was infused at a rate of 8 myzg./kg./min. 
for three hours, the effect on the stomach was slight, and the excretion of free hist- 
amine in the urine was about doubled. These results imply that the histamine 
normally in the urine could be derived from histamine circulating in the plasma 
in concentrations too low to have a significant action even on the acid gastric 
secretion. 


SUMMARY 


1. New methods of the chromatographic type have been worked out for the 
separation and purification of free and conjugated histamine in body fluids. 

2. Histamine and acetylhistamine (or urinary conjugated histamine) can be 
separated over the pH range 8 to 10 on columns of the cationic exchanger Decalso. 
The free histamine is quantitatively adsorbed, and can be eluted from the adsorbent 
by treatment with concentrated ammonium hydroxide followed by chloroform 
saturated with ammonia gas. After evaporation of the solvent, the extract is 
assayed biologically on the guinea-pig ileum. 

3. The Decalso method for free histamine has been applied to human and 
canine urine, human plasma, and gastric juice. Recovery experiments from these 
fluids and from 0.9 per cent saline gave a mean recovery of 67 per cent + 1.1, ove! 
the concentration range 10 to 250 ug./litre. 


4. Conjugated histamine and acctylhistamine are not adsorbed on Decalso a 
pH 8-10, and these smbstances can be estimated in urine after passage throug! 
Decalso. The conjugate is adsorbed on columns of charcoal mixed with fine sand 
and eluted with acid-ethanol. After evaporation of the solvent, the extract | 
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hydrolysed on a sand-bath for one hour with boiling 20 per cent hydrochloric acid, 
and the liberated histamine assayed biologically. 


5. The charcoal-sand method for conjugated histamine (tested mainly with 
synthetic acetylhistamine) gave recoveries of 80 to 90 per cent over the concentration 
range 0.5 to 20 yug./ml. 


6. The new methods have been applied to the determination of free and conju- 
gated histamine in the 24-hour urinary excretions of five healthy men for six days. 
Free histamine was found in every urine examined; the mean was 21.6 yug./day 
(or 32.4 ug./day, if corrected for two-thirds recovery on Decalso), with a range of 
12.1 to 41.4 ug. (18.2 to 62.1 ug. if corrected). The mean excretion of conjugated 
histamine was 125 yg./day (as histamine), with a range of 16 to 727 ug. 


7. Evidence, mainly pharmacological, is presented to support the assumption 
that the active substance extracted on Decalso from normal human urine is histamine. 


We are grateful to Professor J. H. Gaddum, F.R.S., for his continued and stimulating 
interest in our investigations. We also wish to thank Dr. F. N. Fastier for a diamine 
oxidase preparation, Dr. J. Andresen Leitao of Lisbon University for help with the pre- 
liminary experiments on charcoal-sand columns, and Dr. C. Ricketts for providing us 
with a sample of acetylhistamine. Mr. R. Scott gave us valuable technical assistance. 
The work was done during the tenure by M. R. of a full-time personal grant from the 
Medical Research Council. 
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LIBERATION OF ADRENALINE FROM THE 
SUPRARENAL GLAND OF THE RABBIT 


BY 


G. B. WEST 


From the Pharmacological Laboratory, Department of Materia Medica, 
University of St. Andrews 


(Received September 19, 1950) 


Much work has been devoted to noradrenaline in recent years. There is evidence 
that this substance is present in adrenergic nerves, in the adrenal medulla of cattle 
and other animals, and in human medullary tumours (for references see West, 1950). 
It is released into the blood stream when the splanchnic nerves (Biilbring and Burn, 
1949; Gaddum and Lembeck, 1949) and nerves to the liver and spleen of the cat 
(Mann and West, 1950) are stimulated. Holtz and Schiimann (1950), however, 
showed that only adrenaline could be detected in extracts of adrenal glands of 
rabbits. Their test organs were the blood pressure of a cat after cocaine, the 
isolated fresh rabbit ileum, and the isolated stored rabbit ileum. 

We had been investigating the nature of extracts of adrenal glands of various 
mammals and birds and had also found that there was little evidence to suggest 
the presence of noradrenaline in rabbit glands. This conclusion was confirmed 
when the work was extended to include analysis of the plasma in the adrenal vein 
before and after stimulation of the splanchnic nerve. Some noradrenaline is pro- 
duced by the gland and is found in samples of plasma collected soon after stimulation 
commences, but continued stimulation results in its disappearance, only adrenaline 
being detected at this stage. This finding is in direct contrast to that already reported 
in the cat, despite the fact that in this animal methylation is much more active in 
glands which have been stimulated through the splanchnic nerve just before they 
were minced than in non-stimulated glands removed as quickly as possible under 
the most favourable conditions (Biilbring, 1949). 


METHODS 


Preparation of the adrenal extracts.—All glands whether stimulated or unstimulated 
were removed from the rabbits as soon after death as possible. After removal of the 
capsule by careful dissection, the glands were weighed and ground with sand and 10 ml. 
0.1 N-HCl/g. (Holton, 1949). The acid extracts were filtered and the filtrates (1 ml. 
0.1 g. gland) were assayed on the pharmacological preparations described below. 


Collection of blood.—Rabbits were anaesthetized with intravenous urethane (1 g. per 
kg.) and eviscerated. In a few experiments, chloralose (110 mg. per kg.) was used as the 
anaesthetic. Blood pressure was recorded with a mercury manometer and usually remained 
high if the evisceration was completed rapidly. The left renal vessels were then tied. The 
left adrenolumbar vein was tied just peripherally to the left adrenal vein. All other branches 
of the inferior vena cava were tied below the right renal vein. Both the aorta and the 
inferior vena cava were tied below the left renal vessels, and a small L-shaped cannula 
(of volume 0.1 ml.) inserted in the vena cava just above the ligature. The inferior vena 
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cava was then closed centrally by a thread between the left adrenal vein and the right renal 
vein. Adrenal blood flowed out through the cannula and was collected in tapered centrifuge 
tubes cooled in ice-water. The blood was rapidly centrifuged and pharmacological tests 
applied to the plasma, which was kept in ice-water until tested. In general, the collection 
of each sample took three minutes and provided 2-5 ml. blood. When the blood was 
not required, it was returned to the animal via the external jugular vein. Chlorazol fast 
pink (0.1 g. per kg.) was used throughout as the anticoagulant. In some experiments 
the vessels to both kidneys and to the right adrenal gland were tied. 


Stimulation.—The left splanchnic nerve was prepared for stimulation with shielded 
platinum electrodes. Continuous stimulation was applied for a given time from an induction 
coil (usually Faradic stimulation at 12.5 cm. on 5 V.), and then the glands were removed 
for assay. 


Assay methods.—Samples of the gland extracts and of the plasma were used in the 
following pharmacological tests: (1) The fresh isolated ileum of a rabbit, sensitive to 107° 
adrenaline or 2 x 10°* noradrenaline in a bath of Tyrode solution at 34° C. (2) The 
stored isolated ileum of a rabbit in a similar bath (volume 10 ml.). In later experiments 
it was found advantageous to use a larger bath (volume 50 ml.) since frothing with the 
plasma samples was sometimes extensive. Pieces of ileum stored for 4 days in Tyrode 
solution at 4° C. were used, since at this stage noradrenaline is two to three times as active 
as adrenaline in inhibiting pendular movement (Table I and Fig. 1). (3) The blood pressure 
of a rabbit under urethane anaesthesia (1.5 g. per kg.), after cocaine (8 mg. per kg. 
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iG. 1.—Parallel assays (Rabbit No. 3). Plasma (Pl) from the adrenal vein during stimulation of 
the splanchnic nerve. A, adrenaline; N, noradrenaline. Doses in ng. and ml. Records: top 
left, blood pressure of a rabbit; top right, fresh rabbit ileum; bottom left, chick rectum; 
bottom right, stored rabbit ileum. Adrenaline equivalent is 0.2 ug. per ml. plasma. 
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TABLE I 

THE INFLUENCE OF STORAGE ON THE RESPONSE OF THE RABBIT ILEUM TO MOrADRENALINE AND 
ADRENALINE 

Bath volume = 10 ml. Doses shown produce a just submaximal inhibition of pendular 
movement 





Equiactive doses (ug.) after storage for 1 to 7 days 





Amine oS : 
| 0 | I 7 + FF | @e EF OU CULL CS 7 days 
Adrenaline (A) 005 | O1 02 | 03 | 06 | 10 | 10 | 20 
Noradrenaline (N) 01 | O.1 0.2 0.2 02 | 04 04 | 0.4 
RatioN/A..| 2 | 1 | | | 07 | 03 | 04 | 04 | 02 





intravenously) and double vagotomy. (4) An isolated rectum of a week-old chick in a 
bath of Tyrode at 37° C., sensitive to 2 « 10°'° adrenaline or 4 x 10°* noradrenaline. 
(5) An isolated uterus from a non-pregnant rat in dioestrus, sensitive to 10-!° adrenaline 
or 5 ~ 10°* noradrenaline. Usually, tests (1) and (2) and two of the other three tests were 
carried out on all samples. Solutions of /-adrenaline and /-noradrenaline were prepared 
in 0.01 N-HCl. 


RESULTS 


Adrenaline content of normal and stimulated glands.—Parallel quantitative assays 
by different methods were carried out on the gland extracts obtained in each experi- 
ment (Fig. 1). The estimates were taken in pairs and values for adrenaline and 
noradrenaline calculated using the formula developed by Biilbring (1949). The 
values shown in Table II indicate that there is considerable variation in the amine 
content of the glands, but in nearly every case only adrenaline was detected. The 
concentration of adrenaline in the stimulated glands was higher than in the unstimu- 
lated ones. Two unstimulated glands contained some noradrenaline, results which 
were confirmed by the method of estimation devised by Burn, Hutcheon, and 
Parker (1950). 


TABLE Il 


CONCENTRATION OF ADRENALINE (uG/G.) IN EXTRACTS OF SUPRARENAL GLANDS OF RABBITS 





RabbitNo.: | 13 | 14, 15 | 16 17. 18 | 19 | 20 | 21 Mean 
Right unstimulated 474 | 370* | 625 | 600 | 714 | 200 | 420 | 500 | 580 498 
Left unstimulated | 418 | 399 | 625 555 714 | 132 | 380 | 410 | 620 472 
~ RabbitNo.: | 1 | 12 | 2 { 3 | 4 | a | 5 | 8 | 9 | 10 | Mean 


| | 
Right unstimulated | 281 | 225 | 670 | 756 556 | 375 | 566+ | 410 | 476 | 419 || 418 
Left stimulated .. 400 | 475 | 558 | 890 | 556 | 500 | 620 | 555 | 593 | 520 | 568 


Stimulation time | | | | 
(min.) .. ‘a 15 | IS | 16 30 | 50 59 62 | 90 | 91 | 120 
| i 


| | 





* This sample also contained 50 yg. /-noradrenaline/g. + This sample also contained 55 ug. /-noradrenaline/g. 
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Adrenaline content of plasma from suprarenal vein.—Before stimulation occurred 
control samples of plasma were collected over 3—5 minutes in each experiment. 
When these were assayed by four of the pharmacological tests, the mean value for 
adrenaline for eleven rabbits was 0.084 ,g./ml. (Table III). Noradrenaline was 


TABLE Ill 





Concentrations of the two amines («g./ml.) in control plasma taken from the 
Amine |. suprarenal vein of rabbits, Nos. : 
id 2| 3/ 4, 5{ 7] 8] 9] 0 | 1 | 12 |Mean 





adrenaline | 0.09 | 0.14 | 0.10 0.18 0.05 0.03 , 0.05 | 0.06 | 0.10 | 0.02 | 0.10 | 0.084 
/-noradren- | | | | 
aline ..|0 |002/0 /0 |0 0 (001 0 |0 | 0.03} 0  |0.00s 


| 
| | 





detected in three of the specimens. Several samples had to be discarded because 
they contained stimulating substances in large quantities. It is of interest to note 
that this value agrees with that found by West (1947b) for dialysed blood (0.098 xg. 
adrenaline per ml.), and that noradrenaline was not detected then, since quantitative 
agreement between the different fluorimetric, physiological, and chemical tests was 
shown when the results were calculated as adrenaline. 


Adrenaline content of suprarenal vein plasma following stimulation—During 
continuous stimulation of the splanchnic nerve, plasma samples were collected 
and subjected to parallel assays on the same day. An example of adrenal sympathin 
is shown in Table IV, where the calculated value for noradrenaline is zero—i.e., 


TABLE IV 


PARALLEL ASSAYS (RABBIT NO. 3). CONCENTRATION OF ADRENAL SYMPATHIN IN THE FIRST 
POST-STIMULUS SAMPLE OF PLASMA IN TERMS OF ADRENALINE AND NOrADRENALINE (G./ML.) 





Rabbit ileum . AL 

Sympathin estimated as _ _____| Rabbit blood Chick 

Fresh Stored pressure rectum 
/-adrenaline (A) .. : aad 03 — ie 03 —-—_ * 03 ‘| i 0.35 
/-noradrenaline (N) is ot 0.6 0.1 | 0.6 7.00 
Ratio A/N he - es 0.5 3 0.5 0.05 





Calculated value (Biilbring, 1949) gives mean of 0.31 yg. /-adrenaline per ml. Noradrenaline 
value is zero. 


all the sympathin was present as adrenaline. This was the first post-stimulus 
sample (collected 0-3 minutes), and other samples from this rabbit indicated that 
some noradrenaline was released during the early stages of stimulation, but it was 
not present in later samples (Table V). With continued stimulation in many rabbits, 
it was possible to show that the percentage of adrenaline in the sympathin present 
in the suprarenal blood decreased to 68 per cent during the first nine minutes of 
-ontinuous stimulation, but after a further six minutes recovery had taken place 
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TABLE V 
RABBIT NO. 3. CONCENTRATION OF ADRENAL SYMPATHIN IN PRE- AND POST-STIMULUS 
SAMPLES OF PLASMA 
ug. ml. after continuous stimulation for 
a Control ; ar Semaine 
Amine value 0-3 3-6 6-9 9-12 27-30 
min min. min. min. min. 
/-adrenaline ae 0.10 0.31 0.20 0.15 0.21 0.30 
/-noradrenaline oe a 0 0 0.09 0.11 0.01 0 
°” adrenaline | 100 100 70 58 95 100 





and little or no noradrenaline could be detected (Table VI). In one rabbit (No. 6), 
it was impossible to obtain a control value, although the stimulated samples were 
easily estimated. 


TABLE VI 








Stimulation 


Percentage of adrenaline in active material released by the adrenal 
gland at various times by continuous stimulation of the splanchnic 








time in nerve in rabbits. Nos. : 
minutes 
1 2 3 4 5 6 7 8 9 10 | Mean 
0 100 88 100 100 100 100 83 100 100 97 
3 100 70 100 100 100 47 100 83 100 33 83 
6 100 30 70 90 100 30 60 100 100 60 74 
g 65 | 58 59 26 94 50 100 95 68 
12 63 G5 95 &4 
15 aa 100 100 94 98 
Over 15 .. 100 100 100 100 100 100 100 100 100 
Total time in min. 15 16 30 50 62 64 85 90 90 120 
DISCUSSION 


The results have confirmed the findings of Holtz and Schiimann (1950) that 
the rabbit suprarenal glands, unlike those of the dog, cat, or man, contain only 
adrenaline. This is important by itself, but even more interesting is the observation 
that the gland appears to be capable of adapting itself to stimulation of the splanchnic 
nerve. Small quantities of noradrenaline were detected in the plasma in the early 
stages of stimulation, but the glands at no time contained this amine in any appre- 
ciable amount, although the adrenaline content was increased by more than 30 per 
cent in stimulated glands. 


Shaw (1938) found that rabbit’s blood had an apparent adrenaline content of 
0.05-0.06 ug./g., and most of it probably was adrenaline, as shown by the specific 
colour increase with alkali. West (1947b) obtained a value of 0.098 yug./ml. (as 
adrenaline) in normal rabbit’s blood by using chemical, fluorimetric, and physiological! 
methods. The samples of blood were taken from the ear vein direct into solid sodium 
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citrate and assayed. The value, however, agrees well with that found in plasma 
from the suprarenal vein before stimulation (0.084 ,yg./ml.), and clearly indicates 
that adrenaline (and not noradrenaline) is adrenal sympathin in the rabbit. 


One of the assay processes involved the blood pressure of a rabbit under urethane 
anaesthesia. It is known that by the jugular route in rabbits adrenaline is a much 
more active pressor agent than noradrenaline (West, 1948). This is in contrast to 
the cat or dog where the primary amine is the more potent. However, when cocaine 
is given, the noradrenaline response is potentiated more than that to adrenaline, 
and noradrenaline becomes about one-half as active as adrenaline. 


Another of the assay processes involved the isolated stored rabbit ileum. Several 
workers have shown that storage of isolated organs affects the sensitivity and 
movements of these structures when set up in the ordinary organ bath. West 
(1947a) reported that cat, rabbit, and rat ileum become less sensitive to adrenaline 
on storage in Tyrode solution at 4° C., the sensitivity to d/-noradrenaline remaining 
practically the same. After 5 days’ storage, noradrenaline was about four times 
as active as adrenaline on the rabbit ileum. Schiimann (1950) repeated the work 
with /-noradrenaline and obtained similar results. Our series has been extended 
to storage for 7 days (Table I). However, after 4 days’ storage, pendular movement 
is still quite prominent, relaxations are easily estimated, and noradrenaline is three 
times more active than adrenaline, so that this tissue forms a satisfactory pharma- 
cological preparation for assisting in the differentiation of the two amines. It has 
been suggested that the effect of storage on the sensitivity of tissues to drugs is due 
to death of the nerves. Such a change would be expected to lead to enhanced 
responses to adrenaline, sympathin, and certain other sympathomimetic amines, 
but the only effect observed with the rabbit ileum was a diminished response to 
adrenaline. The loss of sensitivity to adrenaline measures a general failure of the 
tissue metabolism. It is known that denervation in vivo produces a greater change 
in the reaction of some tissues to noradrenaline than to adrenaline. Failure of the 
mechanism of innervation leads to a denervation with an increase (or certainly 
not a large decrease) in sensitivity to noradrenaline. 


SUMMARY 


1. When the splanchnic nerve in the rabbit is stimulated and the plasma is 
obtained from the blood in the suprarenal vein, at first adrenaline only is present. 
During the first nine minutes of stimulation the adrenaline concentration decreases 
and noradrenaline appears. At this stage, as much as 32 per cent of the active 
material in the plasma may be noradrenaline. 


2. After 15 minutes’ continuous stimulation of the splanchnic nerve, only 
adrenaline is detected in the plasma in the suprarenal vein. 


3. Stimulation of the splanchnic nerve in rabbits for periods varying from 15 to 
120 minutes increases the adrenaline content of the suprarenal gland by more than 
30 per cent, but no noradrenaline is detected. 


4. These findings allow of the conclusion that in the rabbit adrenaline is more 
important than voradrenaline in the transmission of autonomic nerve impulses. 
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The earlier reports from Germany on the antituberculous action of the thio- 
semicarbazones have been reviewed by Domagk (1950) and Mertens and Bunge 
(1950). Experiments made in Britain by Hoggarth, Martin, Storey, and Young 
(1949) showed that activity in mice was maximal with the two thiosemicarbazones 
shown below: 


p-acetylaminobenzaldehyde thiosemicarbazone I.CA(P) reference German reference 
V4 \ ec . 9311 TbI/698 
CH;CO.NH < _DCH N.NH.CS.NH, poieninns 6 ooiaiens 
p-ethylsulphonylbenzaldehyde thiosemicarbazone 
V4 \ 8388 
C,H,SO, ie DH N.NH.CS.NH, bonndnnnn ti TbIII.Be 1374 


This paper deals chiefly with 8388 because at the time the work was carried out 
we were more interested in that compound. Martin and Stewart (1950) showed 
that, in mice, 8388 was more active than p-aminosalicylic acid, but less active than 
streptomycin. In the early stages of murine tuberculosis, however, 8388 appeared 
in some respects superior to streptomycin. Toxicological tests with 8388 showed 
that the compound exhibited differences, not only in the doses tolerated, but also 
n the organs affected, in various animal species. It seemed possible that there 
light be major differences in the metabolism of 8388 in different animals, so experi- 
nents were performed on a wider range of experimental animals. 


EXPERIMENTAL 
‘dministration of 8388 to normal monkeys 


The blood-concentrations produced by single doses of 8388 are shown in Table I; 
‘stimations were made by the method of Spinks (1949). This compound had been 
ell tolerated by mice, rats, and guinea-pigs in doses of 500 mg./kg. a day for 
‘veral weeks and post-mortem examination had revealed no significant changes. 








* Trade marks of Imperial Chemical (Pharmaceuticals) Ltd. 
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TABLE I 


BLOOD-CONCENTRATIONS PRODUCED BY 8388 IN MONKEYS AFTER SINGLE, ORAL DOSES 





mg./100 ml. at various times after dosing 

















Monkey Weight Dose* : 
No. | kg. _ -mg./kg. 4 hr. 7 hr. 24 hr. 
— -_ —— epicmmiihaiacit itil lia ee = * — 
50 0.91 0.99 0.67 
10 5.9 100 0.98 1.0 0.68 
400 1.4 L7 1.4 
| 
* The interval between doses was four days. 
TABLE II 
BLOOD-CONCENTRATIONS PRODUCED BY REPEATED DOSES OF 8388 IN MONKEYS 
No.of 24 hr. after 6 hr. after No. of = 24 hr. after | 6 hr. after 
days dosing dosing days dosing* dosing 
after after 
Ist 8388 8388 Blood urea Ist 8388 8388 Blood urea 
dose dose 


mg./100 ml. mg. 100 ml. mg./100 ml. 


Monkey 9. 500 mg. kg. once daily 


aa 1.3 
50 1.7 35 
58 0.83 1.6 
65 1.1 2.7 50 
72 1.1 1.9 


* Monkey 20. 500 mg. kg. once daily 


9 1.5 


42 2.8 





mg. 100ml. mg. 100ml. mg./100m! 


Monkey 10. 500 mg./kg. twice daily 


13 2.2 
19 2.8 48 
27 2.6 2.9 
34 3.9 4.2 52 
41 2.6 ¢ 54 
56 2.0 2.4 

+ Monkey 21. 500 mg./kg. once daily 
9 1.1 
14 1.7 





* For animals dosed twice daily the interval was 18 hr. after the evening dose 
* Infection with tuberculosis: see Table V 


TABLE 


CONCENTRATIONS OF 8388 OBTAINED AT POST-MORTEM EXAMINATION OF MONKEYS 





daily. 


Blood 

C.S.F. 

Liver 

Kidney 

Thyroid 

Lung , 
Stomach wall 
Heart muscle 
Abdominal muscle 
Fat 


Monkey 9 
500 mg. 8388/kg. once 
Killed 78 days. 
mg. 8388100 ml. or 100 g. 


Monkey 10 
500 mg. 8388/kg. twice 
daily. Killed 78 days. 
mg. 8388/100 ml. or 100 g. 


FP» p ae 
0.35 

5.1 6.5 

3.4 4.2 

1.1 11.0 

4.1 aed 

7.6 - 

1.6 

1.4 —_ 

5.4 4.6 





* Blood urea = 52 mg./100 ml. 


+ Bilirubin = 0.1 mg./100 ml. 





rea 
m| 
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Monkey 9 was given this dose once daily and monkey 10 twice daily for 78 days 
(Table II). In the former animal residual blood-concentrations of about 1 mg./100 
ml. were obtained before dosing, and levels of about 1.8 mg./100 ml. six hours after 
dosing. In monkey 10, dosed twice daily, concentrations about twice as high were 
obtained. The blood picture showed no significant change in either monkey. 
Post mortem, the organs and tissues contained concentrations of drug two to six 
times higher than in the blood, but the concentration in the cerebrospinal fluid 
was only about one-quarter of that in the blood (Table III). The liver of monkey 10, 
that had received the drug twice daily, had a “‘ nutmeg ’’ appearance and showed 
fatty degeneration on histological examination. 


{dministration of 8388 and 9311 to normal dogs 


The blood-concentrations produced by single doses of 8388 and 9311 given to 
dogs are shown in Table IV. As in other animals, lower concentrations were 
produced by 9311 than 8388. Dog 63 was given 500 mg. 8388 per kg. twice daily. 


TABLE IV 
BLOOD-CONCENTRATIONS PRODUCED BY SINGLE DOSES OF 9311 OR 8388 IN DOGS 





mg. drug 109 ml. blood at various times 








Drug and dose | Dog aot hs ee : = oe ee ade a a 
No. 1 hr. 2 hr. 4 hr. 7 hr. 24 hr. 
X388 i “7 ois 70 0.44 0.80 1.40 | 1.50 | 0.82 
500 mg.) kg. ee a 67 0.58 0.67 0.82 1.10 0.27 
311 we 7 ~~ (0.20 039 O10 | 006 | 007 
500 mg. kg. bs - 67 0.15 0.34 0.65 | 033 | 0.03 








rhe blood-concentrations obtained are shown in Table V. The dog died after 13 
days. The liver was slightly yellow, and on histological examination showed 
necrosis and fatty degeneration of the polygonal cells. The glomeruli of the kidney 
were congested and the tubular epithelium was desquamated. The lungs showed 
oedema and congestion. 

Dog 64 was dosed with 500 mg. 8388 per kg. once daily. In this and the other 
logs dosed with 8388 or 9311 the haemoglobin concentration fell slightly, the 
iumbers of lymphocytes fell, and neutrophils increased. These changes are similar 
o those noted by Mertens and Bunge (1950) in man. The blood-concentrations 
/btained are shown in Table V. The dog was killed on the 29th day. Post mortem, 
ihe liver was found to be slightly yellow and on histological examination it showed 
nany areas of necrosis, excess fat, and deficient glycogen. In the kidney there was 
lesquamation of the epithelium of the convoluted tubules. The lungs were con- 
rested. No other changes were seen. 

Dog 67, which six days previously had been given a single dose of 500 mg. 8388 
ver kg., was given 100 mg./kg. twice daily. Eleven days later it was very jaundiced, 
he blood-concentration of 8388 at six hours after dosing was 1.5 mg./100 ml., and, 
4 hours after, 1.76 mg./100 ml. (Table V). The blood-urea concentration was 
46 mg./100 ml. The dog was killed after 13 days’ dosing, when the bilirubin- 
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TABLE V 
BLOOD-CONCENTRATIONS PRODUCED BY REPEATED DAILY DOSES OF 8388 AND 9311 IN DOGS 








8388 | 9311 
No. of | 24 hr. after 6 hr. after ——— 24 hr. after 6 hr. after 
| days | dosing* dosing | pth dosing* dosing 
dl Eg eS SC Si a ae 
- | mg. | Blood | mg./ | Blood | “°° | dose | mg./ | Blood | mg./ | Blood 
I 


dose |100ml.| urea |100ml. urea OO ml.| urea 100 ml./ urea 


500 mg./kg. twice daily 250 mg./kg. once daily 


| 


63 | 2 | 24 | 60 2.7 | 3 0.25 0.82 66 
7 See a ee ee 65 4 500 mg./kg. once daily 
500 mg./kg. once daily — 7 iigtenme 
scape ceeiaadasiangitenlipainmnibpisanieinaiee 7 0.04 61 | 0.53 





2 1.9 52 2.0 |} 12 0.32 | 0.64 | §2 
64 ) 1.1 3.3 89 27 0.04 0 34 
11 2.1 2.8 57 | - 
23 1.8 de 54 250 mg./kg. twice daily 
100 mg./kg. twice daily 3 0.72 1.4 60 
4 500 mg./kg. twice daily 
66 |- ; 
67 It | 1.5 58 1.8 7 0.55 42 0.81 
8 500 mg. kg. once daily 
12 1.3 1.8 27 





* For animals dosed twice daily the interval was 18 hr. after the evening dose. 


TABLE VI 


CONCENTRATIONS OF 8388 AND 9311 AT POST-MORTEM EXAMINATION OF DOGS 





8388. mg./100 ml. or 100 g. 9311. mg./100 ml. or 100 g. 
Dog 63 Dog 64 Dog 67 Dog 65 Dog 66 
500 mg./kg. 500 mg./kg. 100 mg./kg. 500 mg./kg. | 500 mg./kg. 
twice daily | once daily twice daily once daily once daily 
Died 13 days! Killed 29 days | Killed 13 days | Killed 52 days | Killed 53 days 
Blood 2.2 2.8 1.6 i 0.77 0.73 
C.S.F. 0.35 | l 
Liver 4.1 6.7 ek 1.9 1.9 
Kidney - 5. 4.6 5 1.7 1.9 
Thyroid .. * | 6.5 3.1 50 (?) 1.7 
Lung <a 4.7 21.0 2.4 0.74 2.1 
Stomach wall 6.5 | 
Heart muscle 4.2 
Abdominal muscle 4.6 
Fat a 1.2 
Blood urea art | 66.0 | ; 61.0 | 
Bilirubin = | | ye 0.12 0.8 














dd 
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concentration was 17.2 mg./100 ml. and the blood urea 86 mg./100 ml. The various 
blood-concentrations of 8388 are shown in Table V and tissue-concentrations in 
Table VI. The general nutritional condition of the dog was good, but the skin 
and fatty tissues were yellow and the liver again showed changes of acute yellow 
atrophy. There was some desquamation of the tubular epithelium in the kidney. 

Dog 65 was dosed once daily and dog 66 twice daily with 250 mg. 9311 per kg. 
for three days, when the doses were increased to 500 mg./kg. Five days later dog 66 
was unwell and it was dosed only once daily. The dogs were killed after 53 days’ 
dosing. During most of this period they had each received 500 mg./kg. once daily. 
The blood-concentrations obtained are shown in Table V and the tissue-concen- 
trations obtained at post-mortem examination in Table VI. No macroscopic 
changes were observed in the organs of dogs 65 and 66, but on histological examina- 
tion the liver of dog 66 showed fairly marked fatty degeneration and absence of 
glycogen. There was desquamation of the tubular epithelium of the kidney. Dog 
65 showed similar but slightly less marked changes. 


{dministration of 9311 and 8388 to tuberculous dogs 


The observations of Innes (1940) and of Lovell and White (1940) indicate that 
healed lesions of tuberculosis do not occur in the dog, and in the twenty-seven cases 
described by Lovell and White lesions were present in both the abdominal and 
thoracic cavity of twenty-one. In three, lesions were confined to the abdominal, 
and in three to the thoracic cavity. 

Experimental infection induced by the intratracheal injection of tubercle bacilli 
is quite different from the natural disease. We have found that when 10 mg. (moist 
weight) of human tubercle bacilli (Weybridge C) are injected intratracheally, under 
anaesthesia, localized lesions, which become fibrocaseous, develop in the lungs. 
When established these lesions are essentially chronic, and show a striking resemblance 
to the phthisical lesions which may develop soon after a primary tuberculous infec- 
tion in young human adults (Francis, Pagel, and Stewart, 1950; see also Gunn and 
Sheehy, 1950). Up to the first week after infection the lesion consists of a lobar 
pneumonia. The lymph-spaces are distended and the alveoli packed with cells 
which are chiefly of the large mononuclear type. The alveolar walls are swollen 
but remain intact, and if treatment with streptomycin is begun at this stage almost 
omplete resolution may occur. In the absence of streptomycin therapy necrosis, 
aseation, and even early cavitation develop within two to three weeks. Treatment 
vith streptomycin at this stage causes resolution of the peripheral parts of the lesions 
vhere necrosis has not occurred, but cavities form in the central parts. It would 
eem that no drug could prevent this cavity formation; nevertheless the walls of 
he cavities in treated dogs undergo organization and may become sterile as judged 
oth by cultural and biological tests. Details of the experimental technique, and 

description of the course of the disease, together with the results of the two 
xperiments outlined below will be published shortly. 

Fifteen dogs were injected intratracheally with tubercle bacilli. After three 
veeks the dogs were arranged in four groups on the basis of x-ray changes, erythrocyte 
‘dimentation rates, and general clinical appearance. One group served as a control, 
ne group (three dogs) was treated with streptomycin, and the other two groups 
ere given 8388 or 9311 (25 mg./kg. once daily). All the dogs receiving 8388 
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attempted to vomit after the second dose and dyspnoea developed soon afterwards. 
One dog died six hours after the second dose and another was killed at the same 
time. The two other dogs that had shown slight symptoms during the day died 
during the night. Post-mortem examination showed that death was due to pul- 
monary oedema. All the dogs dosed with 9311 were alive on the third morning, 
and dogs 80 and 82, which appeared to be in the best condition, received a third 
dose. Dog 82 died at 5 p.m. after showing similar symptoms to the other dogs. 
The remaining dogs that had received 9311 survived. 

These results were quite unexpected, as larger doses had been tolerated by non- 
tuberculous dogs, and the experiment, which was designed to compare the action 
of 8388 and 9311 with that of streptomycin, had to be altered. All dogs except the 
controls were given 40 mg. streptomycin per kg. once daily. In addition, two were 
given 5 mg. 9311 per kg. once daily, and two 300 mg. p-aminosalicylic acid per kg. 
each day divided into two doses. These treatments were continued for 150 days 
(176 days after infection). At post-mortem examination arbitrary scores, which 
have been given to the pathological lesions, were slightly greater in the dogs treated 
with streptomycin plus p-aminosalicylic acid or with streptomycin and 9311 than 
with streptomycin alone. The dose of 9311 used (5 mg./kg.) produces maximum 
blood-concentrations of about 0.05 mg./100 ml., which is probably rather lower 
than the concentrations produced in man by doses of 3 mg./kg., but estimations 
at these low concentrations are inaccurate. 

In a second experiment the following treatments were given once daily, beginning 
fifteen days after infection: 


Streptomycin, 20 mg./kg. 
- 10 mg./kg. 
plus 4: 4’diaminodiphenylsulphone, 20 mg./kg. 
,, p-aminosalicylic acid, 300 mg./kg. 
» 9311, 5 mg./kg. 


9 9 
9 9° 


9 > 


In this experiment 9311 caused no toxic signs of any sort. There was no evidence 
that the action of streptomycin at 10 mg./kg. was enhanced by any of the other drugs, 
and none of the treatments produced such good results as 20 mg./kg. of streptomycin 
alone. It will thus be seen that, although the first therapeutic experiment on dogs 
cannot be regarded as conclusive because of the early toxic symptoms, similar results 
were obtained in both experiments. 


Administration of 8388 to tuberculous monkeys 


Natural tuberculosis in monkeys has been studied by us during the past three 
years. A primary complex and subsequent disease closely resembling that observed 
in natural tuberculosis can be produced in monkeys by the intranasal inoculation o! 
small doses of human tubercle bacilli (Francis, 1950). Although the monkey is 
more susceptible to tuberculosis than most people now living in urban communities 
are, it may be said that tuberculosis in the monkey more closely resembles human 
tuberculosis than tuberculosis in any other animal that we have studied. This 
conclusion is based on histological observations of the lesions and the fact that 
‘“* secondary” or “ reinfection” lesions, as in man, produce very little change i! 
the regional lymph-nodes. 
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The experiment about to be described was carried out at an early stage in this 
work and a larger infecting dose was used than would now be employed. Each 
of nine monkeys was tested for tuberculin sensitivity by injecting 0:01 mg. of 
tuberculin purified protein derivative intrapalpebrally. None of the monkeys 
reacted. A 14-day culture of human tubercle bacilli (Weybridge C) was suspended 
in 5 per cent serum-saline to give 0.01 mg. in 0.4 ml. The monkeys were narcotized 
with nembutal and anaesthetized with ether until the swallowing reflex was abolished. 
\ volume of the bacillary suspension to give a dose of 0.003 mg. bacteria per kg. 
body weight-was then instilled intranasally into the right nostril with the monkey 
lying on its left side and, two minutes later, the same volume was instilled into the 
left nostril with the monkey on its right side (masks and goggles are worn during 
these manipulations); that is, each monkey received about 0.01 mg. of tubercle 
bacilli into each nostril. 

The monkeys recovered from the anaesthesia and were all well the following 
day. They remained well for 13 days, when four showed slight malaise and anorexia. 
All the monkeys were x-rayed (without anaesthesia). The following day all monkeys 
showed varying degrees of malaise and anorexia, and four were coughing. The 
monkeys were then grouped on the basis of weight, general condition, and x-ray 
photographs. Dosing began 14 days after infection. Group 1 was untreated, 
and the monkeys died 9, 14, and 20 days respectively after treatment of the other 
monkeys had begun. Group 2 received 40 mg. streptomycin per kg. once daily 
by injection, and Group 3 received 500 mg. 8388 per kg. once daily by mouth. Dosing 
continued until the 11th week after inoculation. Within four days of commencing 
treatment the three monkeys treated with streptomycin showed some improvement 
in general condition. Treatment with 8388 kept the other three monkeys alive but 
weak and slightly jaundiced. Treatment with both drugs was stopped 11 weeks 
alter inoculation. Two weeks later the monkeys were killed; during this period 
ihe monkeys that had been dosed with 8388 improved considerably in condition 
and lost their jaundiced appearance. It was evident that a single dose of 500 mg. 
‘388 per kg. once daily was more toxic to the three tuberculous monkeys than it 
nad been to the normal monkey (No. 9), and probably more toxic than twice this 
lose given to normal monkey No. 10. 


‘ssessment of results 


At post-mortem examination the lungs were inflated and fixed by introducing 
rmol-saline into the trachea. Sagittal sections were cut and the lesions in the 
‘ungs and in the bronchial lymph-nodes assessed as shown below: 


iungs (right or left): 





Score of area show- | Score of Score of 
Extent of change ing morbid change | caseation cavitation 

a re ee ee er on 
ss than 4 of cut surface .. i 1-2 | 1 1-2 
; of cut surface + | 3-4 2 3-4 
3 





ore than 3 of cut surface 5-6 
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(3) The following lesions cain each be given a total score of 5 if severe: 
possible total 25. 


sions in spleen, lesions in kidney 


right. 


left, R 


(2) 


died. 


pleural fluid, peritonitis or ascites, lesions in liver, le 


killed, D 
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Bronchial lymph-nodes (right or left): 











Pe rl Score | Caseation | Score | Cavitation | Score 
| | 
Slight .. oe 1 | Less than 4 of cut surface | 1 || Less than 4 of cut surface | 1-2 
Moderate 2 4-4 of cut surface 2 4-% of cut surface 34 
Gross | 3 | More than ¢ of cut surface 3 || More than 3 of cut surface | 5-6 
} | 1 








The number of tubercle bacilli in microscopic sections was assessed as follows : 
Code Number of bacilli in tissues 


A.F.B., 1 Scanty, difficult to find. 
2 Isolated bacilli found easily. 
3 Small clumps found easily, or fairly numerous isolated bacilli. 
i: = Numerous small clumps and isolated bacilli. 
5 Large clumps in all diseased parts. 
6 Masses, as seen in leprosy or infection with the vole acid-fast 
bacillus. 


Sagittal sections of the lungs from a representative monkey in each group are 
shown in Figs. 1-3, and the pathological scores in Table VII. 

In all of the untreated monkeys, which died early in the experiment, there was 
an acute tuberculous bronchopneumonia with caseous enlargement of the bronchial 
lymph-nodes (Fig. 1). Macroscopic tuberculous lesions were present in the liver 
and spleen of monkey 13 that lived the longest. The area affected in the strepto- 
mycin monkeys was less than that in the controls, caseation was slight, but there 
was a moderate amount of cavitation; lesions in the lymph-nodes were minimal. 
In the monkeys treated with 8388 the area affected was larger, and the amount of 
cavitation was extraordinary, the lungs of monkey 22 consisting of little more than 
two sacs of watery fluid containing yellow flecks of caseous pus. It appeared at 
first that all the changes might not be due to tuberculosis, but the fluid and cavity 
walls contained acid-fast bacteria, and no tapeworm scolices or other parasites 
were found. Post-mortem examination of the other monkeys demonstrated a 
continuous series of changes leading up to those in monkey 22, so there could be 
no doubt about the nature of the lesions. 


99 


’9 


Histological examination 


Untreated monkeys.—The lungs showed widespread consolidation. The centres 
of the consolidated areas were mainly caseous; in some parts, the alveolar walls 
could be distinguished, but in other parts softening and necrosis were evident. The 
caseous areas were surrounded by broad zones of cellular consolidation, where the 
alveoli were packed with polymorph and mononuclear phagocytes. Peripherally, 
the alveoli contained an albuminous exudate and scanty cells, and this zone merged 
outwardly into normal lung tissue or adjacent lesions. Acid-fast bacilli were 
numerous in the cellular zones and especially at the edges of the caseous zones, where 
they could be seen with the 2/3rds objective. Strands of fibrous tissue were seen 
in lesions, but there was no encapsulation. Deposition of calcium had occurred 
in one monkey. Representative lesions are shown in Figs. 1 and 4. 

2N 
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Fic. 1.—Lungs of monkey 11; 
control. Solid white areas 
containing caseous and 
necrotic foci and inflam- 
matory cells. 





Fic. 2.—Lungs of monkey 14; 
streptomycin. Cavities 
surrounded by a small 
amount of firm white 
tissue. 





Fic. 3.—Lungs of monkey 21. 
Very large cavities and 
smaller caseous areas. 
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Fic. 4.—Lung of monkey 13; control. Central 
necrotic focus surrounded by a zone of 
epithelioid and macrophage cells. Surround- 
ing alveoli filled with exudate. H.E. x 60. 





l1G. 6.—Lung of monkey 14; _ streptomycin. 
Cavity partly lined by bronchial epithelium 
and surrounded by a zone of lymphocytes 
and macrophages. H.E. x 60. 





Fic. 5.—Lung of monkey 14; _ streptomycin. 
Well-defined edge to lesion, cells acquiring a 
fibroblastic appearance. Surrounding alveoli 
free of exudate, but they do contain “ alveolar 
phagocytes.”” H.E. x 175. 
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The lymphoid tissue of the bronchial lymph-nodes was largely replaced by 
epithelioid cells and necrotic tissue containing fairly numerous acid-fast bacilli (2). 
In one monkey there were several foci of epithelioid cells in the liver, another had 
a focus in the spleen, and in monkey 13 there were numerous epithelioid foci in 
both the liver and spleen (acid-fast bacilli, 2). 


Monkeys treated with streptomycin.—The picture was quite different from that 
in the untreated monkeys. In monkey 14 the cavities in the lung were lined by 
fibroblastic cells, although some areas still contained neutrophils and mononuclear 
phagocytes. Representative lesions are shown in Figs. 5 and 6. The bronchial 
lymph-nodes were normal, except for a few foci of epithelioid cells. Two resolving 
epithelioid foci were seen in the liver but no lesions in any other organs. No acid- 
fast bacilli were observed. 


The changes in the other two monkeys were rather more severe, with some 
caseation in the bronchial lymph-nodes. In addition to cavities in the lungs there 
were fairly extensive areas of necrotic tissue, but only one acid-fast bacillus was 
seen in a cavity wall. The tuberculous lesions were fairly sharply demarcated from 
normal lung by a fibroblast layer with only occasional extensions of interstitial 
pneumonia. The cavity walls consisted of unorganized epithelioid and neutrophil 
cells, only small portions being lined by epithelium. 


Monkeys treated with 8388.—The changes were rather similar to those in the 
streptomycin monkeys, except that acid-fast bacteria could be found fairly easily 
(1-2) and the lesions were less well separated from normal lung tissue. In monkey 
22 there was very little normal lung tissue left. The bronchial lymph-nodes in all 
monkeys showed more severe changes than in the monkeys treated with streptomycin, 
there being fairly extensive caseous zones containing a few acid-fast bacteria. Small 
epithelioid foci were observed in the liver. Apart from these tuberculous changes 
monkeys 20 and 22 showed marked adenomatous enlargement in the thyroids: 
the acini were dilated and irregular, the glandular epithelium grossly distorted by 
hyperplasia and metaplasia, the colloid deficient or absent, and some areas were 
haemorrhagic. The thyroids of monkey 21 were not examined, but similar changes 
were not observed in the thyroids of monkeys in the other group or in other 
monkeys. Fatty degenerative changes in the liver, similar to those observed in 
the uninfected monkeys but relatively more extensive, were also present. Minor 
changes of this type were noted in the liver of one of the streptomycin-treated 
monkeys and also in the controls. 


Administration of 8388 to tuberculous guinea-pigs 


Fifty-two guinea-pigs were inoculated intramuscularly with 0.005 mg. of human 
tubercle bacilli (Weybridge C). Thirty-eight days later the guinea-pigs were weighed 
and six representative animals killed. They had fairly advanced lesions of tuber 
culosis, some having large necrotic areas in the spleen. The average score of th 
lesions was 2.6. The remaining guinea-pigs were divided into the three group 
shown in Table VIII. It will be seen from this Table that 8388 slightly increase: 
the survival time of the guinea-pigs, and streptomycin had a greater effect. A’ 
assessment of lesions at death also placed the groups in the same order. It wi 
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be seen that there was no progression of the lesions in any of the treated groups, 
and it is a little difficult to understand why the streptomycin guinea-pigs died, because 
there was obviously a regression of the lesions. 


DISCUSSION 


The published experimental work on conteben (9311) (Domagk, 1950 and earlier 
papers) is scanty and not very convincing: Domagk states that “on an egg culture 
medium, containing p-aminobenzoic acid, p-aminosalicylic acid shows an inhibition 
value which lies at 1: 5,000 or even lower, streptomycin shows an inhibition of the 
growth of tubercle bacilli at from 1: 50,000 to 1: 100,000, while Tb I (9311) in solution 
still shows it at 1: 300,000. Here we already see the same gradations which are 
obtained on administration in humans in order to obtain a therapeutic effect in 
tuberculous infections.”” It must be pointed out, however, that what happens in 
the presence of p-aminobenzoic acid is largely irrelevant: the sulphonamides are 
inactive in the presence of p-aminobenzoic acid, whereas the acridines are fully 
active, but this does not prove that the acridines are better therapeutic agents. We 
found that in egg medium p-methoxybenzaldehyde thiosemicarbazone (6057) had 
about the same activity as p-aminosalicylic acid, and 8388 was considerably less 
active. p-Aminosalicylic acid inhibited virulent tubercle bacilli at a dilution of 
about 1/20,000,000 (it was much less active against avirulent strains). Domagk 
found an inhibitory dilution of 1/100,000. 

From Domagk’s Table I it would appear that conteben (9311) is more active 
weight for weight in tuberculous guinea-pigs than streptomycin. In his experiments 
(one animal per group) the effect of streptomycin fell off when the dose was reduced 
below about 300 mg./kg. This is entirely contrary to the findings of Karlson and 
Feldman (1948), who found that there was no difference in the effect of streptomycin 
whether one gave 20, 6, or 4 mg. of streptomycin per kg. daily, but below 4 mg. 
the effect was less. It may be argued that these doses are of an entirely different 
order from those used by Domagk, but they are of the same order as those used 
by us and they produced better effects than large doses of the thiosemicarbazones. 
In addition, Hoggarth and Martin (1950) have shown that the optimum effect that 
can be obtained with 8388 or 9311 in mice is considerably less than the optimum 
effect obtained with streptomycin. They also found that the maximum anti- 
tuberculous effect produced in mice by these compounds is similar, although 
9311 has to be given in larger doses than 8388 to achieve its maximum effect. It 
would seem, therefore, that although many of the experiments in this paper were 
carried out with 8388, there would have been little essential difference if 9311 had 
been used. Large doses of 8388 were fairly well tolerated by monkeys, but although 
blood-concentrations of 1-2 mg./100 ml. were obtained they produced only about 
half the effect of streptomycin on established tuberculous infection in these animals. 
A concentration of 0.25 per cent in the food of guinea-pigs (about 200 mg./kg. 
daily) also produced less effect on established tuberculosis, which is similar to the 
result obtained by Karlson, Gainer, and Feldman (1950). 

In a recent experiment (Francis, 1950) guinea-pigs were infected with 10° mg. 
of tubercle bacilli into each nostril and killed five weeks later. Under these condi- 
tions the average scores of the macroscopic lesions were: controls, 9.9; strepto- 
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mycin, 4.04; 8388, 1.32. The finding that streptomycin has relatively less effect 
on the early stages of tuberculosis in the guinea-pig than on established tuber- 
culosis is in accord with the results of Smith, Emmart, and McClosky (1948). It 
is an interesting fact, but does not alter the main conclusions based on the experi- 
ments reported in this paper. 

Both 8388 and 9311 were more toxic to dogs than monkeys. When we observed 
pulmonary oedema and rapid death in tuberculous dogs receiving doses of 25 mg. 
9311 or 8388 per kg., we thought that this might be a specific reaction of tuberculous 
dogs, but in a recent toxicity test a single dose of 100 and even 10 mg. 8388 per kg. 
produced pulmonary oedema and death in normal dogs. In the same test 100 mg./kg. 
of 9311 daily produced no symptoms of pulmonary oedema. It will be recalled 
that «-naphthyl thiourea produces pulmonary oedema and death in rats and other 
animals (Dubois, Holm, and Doyle, 1946). 

Martin (1950) has shown that 9311 or 8388 markedly increase the antituberculous 
effect of suboptimal doses of streptomycin in mice. No evidence was obtained 
that doses of 5 mg./kg. of 9311 increased the action of suboptimal doses of strepto- 
mycin in the dog. This dose of 9311 probably produces maximum blood-concen- 
trations of 0.05 mg./100 ml. in the dog. The dose of 9311 recommended for man 
is 3 mg./kg., and in one person who received this dose in our laboratories maximum 
concentrations of about 0.1 mg./100 ml. were produced. 

Published work does not indicate that any thorough studies were made in Germany 
on the toxicity of the thiosemicarbazones in experimental animals, but Heepe (1949) 
has reported various toxic symptoms following the use of conteben (9311) in man. 
These include vague malaise, various dyspeptic manifestations, palpitations, and 
arrhythmias, dizziness, pain in the eyes and photophobia, exanthematous rashes, a 
tendency to bleeding, and, in severe cases, loss of weight, granulocytopenia, enlarge- 
ment of the liver, which may be very great and very rapid, jaundice, convulsions, 
and coma. Three deaths have occurred, all in children, in all of whom necropsy 
revealed marked fatty degenerative changes. Individual susceptibility varies greatly 
and some children may not tolerate even small amounts of the drug. Readministra- 
tion of the drug after recovery from toxic symptoms may cause no ill effects. 

It will be seen that the individual variation and the major symptoms mentioned 
above are not dissimilar from the various toxic manifestations we have observed 
in dogs, and the work described in this paper indicates that neither 9311 nor 8388 
will be a very safe or potent antituberculous agent in man. It does, however, 
illustrate the necessity for caution when first using a new drug in man. Monkeys 
tolerated 500 mg. of 8388 per kg. once daily, and yet the recommended dose of 
9311 for human tuberculosis is only 3 mg./kg. and this dose may produce toxic 
effects. It is generally assumed that the metavolism of the monkey is more closely 
related to that of man than is the metabolism of other animals, but in this instance 
it was the dog only that gave an indication of the dose that should be used in man. 
On the other hand, there are doubtless substances that would be better tolerated 
by man than by experimental animals. 


SUMMARY 


1. Published experimental work indicated that the thiosemicarbazones might 
be more potent antituberculous agents than streptomycin. 
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2. Monkeys tolerated doses of 500 mg. p-ethylsulphonylbenzaldehyde thio- 
semicarbazone (8388) per kg. daily, which is more than one hundred times greater 
than the dose of p-acetylaminobenzaldehyde thiosemicarbazone (9311) used in man. 
This large dose of 8388 maintained levels of 1-2 mg./100 ml. in the monkey, but it 
had only about half the effect produced by a dose of 40 mg. streptomycin per kg. 
once daily on experimental tuberculosis in the monkey. 


3. A daily intake of about 200 mg. 8388 per kg. had less effect on established 
tuberculosis in the guinea-pig than 20 mg. streptomycin per kg. given twice daily. 


4. Both 9311 and 8388 were more toxic to dogs than monkeys. Two or three 
doses of 25 mg./kg. once daily caused pulmonary oedema and death of tuberculous 
dogs. It was first thought that these drugs were more toxic to tuberculous than 
to non-tuberculous dogs, but a toxicity test showed that 8388 might produce the 
same symptoms and death in normal dogs. It is evident that there is great individual 
variation in susceptibility to the thiosemicarbazones in some species. 


5. No evidence was obtained that doses of 5 mg. 9311 per kg. daily, which were 
well tolerated by tuberculous dogs, increased the therapeutic effect of suboptimal 
doses of streptomycin. Similar negative results were obtained with p-aminosalicylic 
acid and 4: 4’diaminodiphenylsulphone. 


We are indebted to W. Russell for his assistance with this work, and to A. B. Hallam 
and E. Young for the photographs. 
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The therapeutic action of 4: 4’-diaminodiphenylsulphone (DDS) was demon- 
strated by Buttle, Stephenson, Smith, and Foster (1937), and Fourneau, Tréfouél, 
Nitti, and Bovet (1937). Bauer and Rosenthal (1938) showed that it was thirty 
times as active as sulphanilamide against streptococci in mice and fifteen times as 
toxic; that is, its therapeutic ratio was twice as good as that of sulphanilamide. 
Despite this, DDS was considered to be too toxic for use in man, apparently because 
it could not be given in the same doses as the sulphonamides. As far as one can 
tell, no trials were undertaken to assess the effects of doses that were tolerated. 

However, McEwen, Pizer, and Paterson (1941) introduced DDS into veterinary 
medicine. Francis (1947a) and Francis, Peters, and Davies (1947) showed that it 
was more potent than any of the sulphonamides against Str. agalactiae in vitro, in 
the chick-embryo, and in the mouse (at equal blood concentrations), but that it 
was less active than the heterocyclic sulphonamides against Gram-negative organisms. 
IDS was more persistent and produced better blood-concentration curve areas than 
the sulphonamides in all domestic animals except the pig, in which its place was 
taken by sulphamezathine (Francis, 1949b). When 10 g. suspended in liquid 
paraffin were injected into each quarter of non-lactating cows, blood concentrations 
above 2 mg./100 ml. were present for five days or more, and high “ milk ”’ concen- 
trations for much longer periods (Francis, 1947b). This dose cured 79.4 per cent 
of 63 non-lactating quarters infected with Str. agalactiae, and when combined with 
50,000 units of penicillin the single injection cured 96.3 per cent of 54 quarters 
(rancis, 1949a). 

Because DDS itself was believed to be too toxic for use in man, attempts were 
made to develop less toxic derivatives, and promin was the first substance shown to 
hive a striking action against experimental tuberculosis and against human leprosy. 
'' is natural, therefore, that it should have attracted great attention and attempts 

ould have been made to synthesize similar derivatives. This hardly excuses the 
extraordinary confusion which has existed in the English and American literature 
concerning these substances. It seems to have been assumed a priori that the higher 
te dose of a compound which could be given the better that compound would be. 
/-omin has been given intravenously over long periods because it is “‘ less toxic” 

‘that route than when given orally. Thus Hinshaw and Feldman (1941) pointed 
cut that, although only 1.2 to 3.2 g. of promin could be given daily by mouth and 
(‘ten produced cyanosis, 16 g. could be given parenterally without producing 
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cyanosis. The work of Johnson (1940) provided circumstantial evidence that 
promin was broken down in the intestinal tract, and Smith, Emmart, and Westfa!! 
(1942) showed that it was a tenth as active as DDS in culture medium. Because of 
this circumstantial evidence that promin was converted to DDS before being absorbed 
from the intestine, and our own early experimental evidence that the therapeutic 
ratio of DDS was just as good as that of any of its soluble derivatives, we decided 
to study its action in rat leprosy, and Dr. R. G. Cochrane, and later Dr. J. Lowe 
studied its action in human leprosy. The work on rat leprosy will be published 
shortly (Francis, 1950) and the clinical results have already been recorded (Cochrane, 
Ramanujam, Paul, and Russell, 1949; Lowe and Smith, 1949; Lowe, 1950). It 
is evident that a dose of 200 to 300 mg. a day, or perhaps even less, is at least as 
effective as much larger doses of the complex sulphones. 

It is the purpose of this paper to describe the concurrent experimental observations 
which have shown beyond reasonable doubt that the action of all the soluble deriva- 
tives is due to the liberation of DDS. The derivatives studied are: 


1. Promin CH,OH(CHOH),CH—NH—¢ sO, 
omi ( 2 Ye < >. ; 
O,Na 
2. Diasone vty g S ” 
bona 
3. Sulphetrone (< ‘S|—CH—CH,—CH—NH—@ “> ) 80: 
x , | | * 
SO,Na SO,Na 
4. 2196 ow on™, hi 
SO,Na 7 


The last compound, 2196, was developed by Rose (1942) in these laboratories. 
It was never tested clinically because of our belief that the soluble compounds had 
no real advantage over the parent sulphone. However, the present work has shown 
that its facile conversion to DDS in biological fluids might make it useful in special! 
circumstances. 


EXPERIMENTAL SECTION 
The relative activity of various sulphone derivatives against streptococci 


Our original assumption was that the antibacterial action of the soluble derivatives 
was due to the liberation of DDS, and this is now known to be correct (see p. 575). 
It follows that their relative activity can be tested against any organism, and the 
results applied to any other organism, because the relative therapeutic response ‘s 
only a measure of the amount of DIDS liberated. 

A series of preliminary experiments was carried out, in which various concen- 
trations of drugs were added to food: mice were given this food for two days and 
then injected intraperitoneally with Lancefield Group A streptococci. A range of 
concentrations of each drug in the food was chosen which gave approximately tie 
same survival times with different drugs. A series of three experiments was thon 
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carried out using five mice per group in each experiment. The average survival 
time in each group in each experiment is shown in Table I. 


TABLE I 


Average survival time in hours* of mice which were fed on food containing various 
percentages of drugs. Feeding was begun 2 days before injecting the mice with 0.2 ml. 
of a 1/100 dilution of a 24-hour culture of Str. pyogenes (Lancefield Group A) 





| 





























4: 4’-diaminodiphenylsulphone | 2196 

Percentage of drug ee, | | 

infood.. .. | 0.05 | 0.025 | 0.0125) 0.00625 | 0.1 | 0.05 — 0,025 | 0.0125 
Survival time... | 101.47 | 92.66 | 42.13 | 22.0 98.13 | 80.0 | 42.53 | 22.8 

% oe Promin | Diasone 

Percentage of drug | | 2 | 

infood.. ..| 04 | 02 01 | 005 | O01 | 0.05 | 0.025 | 0.0125 
Survival time .. | 116.1 | 77.83 | 70.1 | 268 | 61.46 44.8 =| 18.88 | 17.2 

me | <cttpetnneasiiiiniiaiaiiain 








Sulphetrone | 

$$ 

a of om | 
in food . 1.6 0.8 | 04 | 0.2 H 
Survival time .. | 62.0 | 31.6 | 18.88 | 180 | 








* The figures for each group represent the average results of three experiments in which there were 5 mice a group. 
I mice were observed morning and evening and the following survival times given to animals dead at the intervals shown 
below: 


Days at a 1 2 3 4 
Seosies (hours) = ba 14 38 62 86 
Evening ere ‘ ; 26 50 74 98 


The average wine time of the control mice was 15.2 hours. 


The detailed results were analysed by Dr. O. L. Davies, who found that the 
comparison between the drugs was consistent at the various doses. The relative 
concentrations of the drugs in the food which were required to give the same effect 
were as follows: 


DDS = 100 

2196 =: 224 95% limits of error 171-292 
Promin = 621 ” ce 470-819 
Diasone = 535 ee a 350-825 


Sulphetrone = 9,888 " ss os gp ~S,198-15,776 


Sulphetrone (Brownlee, Green, and Woodbine, 1948) was by far the least potent. 
Jiasone and promin were about one-fifth to one-sixth as potent as DDS but many 
‘mes more potent than sulphetrone. No. 2196 was half as potent as DDS but 
ignificantly more potent than all the other compounds. 

It was not easy to decide the exact implications of the foregoing results, because 
ie extent to which the various derivatives were absorbed and broken down to 
)DS had not then been determined. Simple comparisons of the activity of the 
ur drugs in vitro were, therefore, carried out. 
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A 1/500 solution of each of the soluble derivatives was prepared immediately before 
carrying out the test and sterilized by filtration. Falling threefold dilutions were made, 
and each was added to an equal volume of sterile separated milk containing 2 per cent 
glucose and a 1/1,000 dilution of a 24-hour serum broth culture of Sir. agalactiae. Milk 
was used as a medium because Brownlee (1945) had shown it to be uniformly low in sul- 
phonamide-inhibiting substances, and in our hands it has given regular results. After 
18 hours’ incubation the contents of the various tubes were streaked out on blood-agai 
plates which were read after a further 18 hours’ incubation. The lowest dilution of a 
drug that permitted full growth was taken as the end-point; this criterion gave regular 
results, except that in one experiment all the end-points were higher than in the others 
(Table II). 

TABLE Il 
In vitro ACTIVITY OF COMPOUNDS AGAINST Str. agalactiae ‘‘4°° IN SEPARATED MILK 
CONTAINING 1°, GLUCOSE 


Falling threefold dilutions were used starting at 1/1,000: the figures given are the reciprocals 
of the dilution of drugs in the first tube in which there was full growth 





4: 4’-diamino- 


Exp. No. diphenyl- 2196 Promin Diasone Sulphetrone 
sulphone 
11/77 .. ~~... ~~ 729,000 ~=—S=«43, 000 9,000 81,000 3,000 
IT1/88 -" = 19,683,000 6,561,000 27,000 243,000 81,000 
IV /2 “ - 2,181,000 729,000 3,000 27,000 3,000 
IV/11 es . 729,000 243,000 3,000 27,000 3,000 
Logarithmic mean 2,187,000 729,000 6,473 58,240 6,473 





It will be seen that under the conditions of these experiments sulphetrone and 
promin were about two hundred and fifty times less active than DDS, whereas 
diasone was twenty-seven, and 2196 only three, times less active. This test therefore 
placed the drugs in the same order of activity as the experiments in mice, but they 
were all considerably less active in relation to DDS than they were in vivo; this is 
consistent with the view that they act by breaking down to DDS because it is reason- 
able to assume that breakdown would be greater in the gut than under the conditions 
in vitro. 

Some other workers have found the derivatives of DDS relatively more active, 
but this clearly depends on the care taken to prevent breakdown. More tests were 
carried out, similar to those already described, except that one series of dilutions 
was autoclaved before inoculation. The unautoclaved series of tubes gave practi- 
cally the same results as those recorded above, but, after autoclaving, the activities 
of promin and sulphetrone were greatly increased: they were only nine and twenty 
seven times respectively less active than DDS. It must be assumed that they formed 
DDS in considerable amount during the autoclaving, and this probably explains 
the high activity reported by some previous workers (cf. Brownlee, Green, and 
Woodbine, 1948). 

The foregoing results showed that the soluble derivatives were less active, some 
much less active, than DDS, but it was necessary to develop direct methods of 
estimating free DDS in the presence of its derivatives in order to establish that the 
only active substance was DDS. 
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re Estimation of free 4: 4'-diaminodiphenylsulphone in blood in the presence of its soluble 
de, derivatives 
— At the time this work was begun soluble derivatives had been estimated only 
mi by treating the blood with an acid protein-precipitant, which also hydrolysed the 
” soluble compounds partly or wholly to diazotizable amines (e.g., Brownlee, Green, 
ral and Woodbine, 1948). Such a method did not allow detection of the conversion 
ra of soluble compounds to the parent amine, DDS. We have been able to estimate 
lat DDS in the presence of the soluble derivatives by the following method. 
ers , 

Reagents 


1. Benzene, AR. 

0.2 M-disodium hydrogen phosphate. 

0.1 N-hydrochloric acid. 

100 mg. sodium nitrite/100 ml. 

| g. N-S-sulphatoethyl-m-toluidine/100 ml. 
Redistilled ethanol. 

Standard aqueous solution of DDS, 1 mg./100 ml. 


IAW WN 


Procedure 

Pipette 1 ml. of blood into 2 ml. of 0.2 M-disodium hydrogen phosphate in a 30 ml. 
glass-stoppered bottle. Add 20 ml. of benzene and shake for 5 min. Allow the upper 
layer to separate, clarify it by filtration, and transfer an aliquot of 15 ml. to a dry bottle. 
Add 4 ml. of 0.1 N-hydrochloric acid and shake for 5 min. Transfer 3 ml. of the lower 
layer to a test-tube and add 0.5 ml. of the sodium nitrite solution. Mix, wait 5 min., and 
— add 0.5 ml. of the N-%-sulphatoethyl-m-toluidine solution. Mix, wait 20 min., and add 
} ml. of redistilled ethanol. Mix, transfer to a 2 cm. spectrophotometer or colorimeter 
cell, and read the optical density (a) at 520 m» against a blank. Prepare the blank and a 


“aS standard at the same time as the unknown by substituting | ml. of water and 1 ml. of 
yre standard DDS solution for blood in the above procedure. Read the optical density (5) 
ley of the standard against the blank. Then the concentration of DDS in the blood is 
is Fa b mg./100 ml., where F is a recovery factor derived from experiments similar to those 
yn- ummarized in Table III. Normal blood gives no colour. 

ns 

Votes 
- The graph of concentration against optical density was a straight line: a single standard 


vas therefore adequate. The only other solvents we have examined were light petroleum 
b.p. 100-120°) and chloroform, neither of which was as good as benzene. While this 
saper was being prepared for publication Titus and Bernstein (1949) described a similar 
1ethod in which methylisobutyiketone was used as solvent. The information on which 


es ur selection of benzene was based is contained in Fig. 1, which shows the partition coeffi- 
ty ient of DDS between 0.1 M-citrate-hydrochloric acid buffers of varying pH and benzene. 
red ‘he extraction of the standard involved a small loss of DDS during each of the two stages 
ins of. Fig. 1). The loss during the extraction with hydrochloric acid could be lowered almost 
nd » zero by increasing the concentration of the latter to 0.5 N, but the rate of coupling of 


etrazotized DDS was then much reduced, and this modification was not adopted. Apart 
om these losses during extraction from aqueous solution there was an additional loss 
luring extraction from blood (Table III). The volumes given above cannot therefore be 
ltered without influencing the recovery. Disodium hydrogen phosphate was added to 
ncrease the stability of the soluble compounds by making the blood weakly alkaline. It 
; Shown on p. 579 that sulphetrone, promin, and 2196 are readily hydrolysed to DDS on 
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TABLE IiIl 
RECOVERY OF DDS FROM BLOOD, ALONE AND IN THE PRESENCE OF SOLUBLE DERIVATIVES 








DDS added (ug.) | Soluble derivative added (ug.) | ug. DDS found | Percentage recovery 














0 | 0 0 — 

2.5 0 2.15 86 

7.5 0 | 6.31 84 
12.5 0 10.8 86 
17.5 0 14.0 80 
25.0 0 21.7 87 

0 | 50 Diasone 0.052* (0.10) 

5 ee 4.51 89 

0 500 i 2.66 (0.53) 
10 500 ida 11.4 87 

0 50 Promin 0.34 (0.68) 

5 50 ° 4.75 88 

0 500 1.54 (0.31) 
10 500 10.7 92 

0 50 Sulphetrone 0.018 (0.04) 

5 50 am | 4.80 96 

0 500 ie 1.14 (0.23) 
10 500 wv 9.80 87 

0 100 2196 1.03 (1.03) 

5 100 _ ,, 4.84 76 

10 100 ,, 8.60 76 

Mean 86+ 3.2 





* All the soluble compounds appeared to contain free DDS. The results in parentheses give the amount of free 
DDS found as a percentage of the amount of soluble compound present. 











127 








ad 
- 





10 
7) 
Sc 
5 
§ 08 
rh j 
: g 
cS 4 06 
S & 
5 & 
c 
S 
¢ 
s 


0.2 











40 460 180 500 520 540 3560 580 ov 


1 — — bee Wavelength (my) 
= Fic. 2.—Absorption spectra of dyes from DD* 
Fic. 1.—Effect of pH on the partition coefficient (15 wg.) and N-$-sulphatoethyl-m-toluidine 
of DDS between 0.1 M-citrate-hydrochloric (A) or N-1-naphthylethylenediamine (B) 


acid buffer and benzene. aqueous ethanol (10 ml., 2 cm. cells). 
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standing in the cold with acid, and that the last is readily hydrolysed in incubated blood. 
We have therefore been careful to analyse blood immediately after withdrawal. The 
choice of coupling component lay between N-f-sulphatoethyl-m-toluidine (Rose and Bevan, 
1944) and N-1l-naphthylethylenediamine (Bratton and Marshall, 1939) which we have 
found to be the most suitable among those commonly used. The curves in Fig. 2 show 
that the former gave slightly higher sensitivity, as it did when used for the estimation of 
several other aromatic amines (Spinks and Tottey, 1946). It has the further advantage 
that its use does not necessitate the destruction of excess nitrite. However, dyes are formed 
from it more slowly than from N-1-naphthylethylenediamine and are usually less soluble. 
Ethanol was added for the latter reason. 

Recovery of DDS from blood, alone and in the presence of soluble compounds, is 
shown in Table IIi. 


Estimation of sulphetrone and diaminodiphenylsulphone in urine 


We wished to examine the excretion rate of a soluble compound and its conversion 
to free DDS in vivo. DDS could be readily estimated in urine by the procedure 
given above for blood, and recovery was quantitative when referred to that of an 
aqueous standard extracted under the same conditions. We have used three 
methods for the estimation of sulphetrone, based on: (A) its ultra-violet absorption 
spectrum, (B) the change in the absorption spectrum which accompanies hydrolysis 
to DDS, and (C) the colorimetric estimation of the DDS formed. The first method 
only indicates the approximate amount of sulphetrone present, because of the strong 
absorption of normal urine in the ultra-violet. The three methods need only a 
single sample of urine. 


Reagents 
1. All the reagents needed for the estimation of DDS in blood. 
2. N-sodium hydroxide. 
3. Concentrated hydrochloric acid (AR). 
4. Freshly prepared aqueous standard solution of sulphetrone, 2 mg./100 ml. 


Procedure 
1. Estimate DDS exactly as described for blood using | ml. of urine if sulphetrone was 
administered intravenously, 0.1 ml. if it was administered orally. 
2. (Method A) Dilute the urine with distilled water to a concentration which has an 
‘tical density (a) of about 0.6 to 1.2 when read against distilled water in a 2 cm. cell at 
17 mz. Also read the optical density (6, about 1.22) of a 2 mg./100 ml. solution of sulphe- 
(rone. Then the approximate concentration of sulphetrone in the urine is 2a/b mg./100 ml. 


3. (Method B) Take 9 ml. of the diluted solution used in (2) above. Add 1 ml. of 
ncentrated hydrochloric acid, mix rapidly, transfer to a 2 cm. cell, and read the optical 
Censity at 307 my» against distilled water exactly 1, 2, 3, and 4 min. after adding the acid. 
ot the readings against time, preferably on semi-logarithmic paper, and extrapolate to 
‘ro time. Let the density thus obtained be a. Read the density (5) again after 2 hours. 
tain the corresponding values a’ and b’ for a 2 mg./100 ml. solution of sulphetrone. 
ien the concentration of sulphetrone in the unknown is 2(a—b)/(a’—b’) mg./100 ml. 
‘he value (a’—b’) is usually about 0.94. 

4. (Method C) Take 1.8 ml. of the final acid solution from (3) above, that has stood 
{or 2 hours, and add 1.2 ml. of N-sodium hydroxide. Mix and tetrazotize and couple 
© actly as described for the estimation of DDS in the acid aliquot of 3 ml. obtained after 


r 
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the extraction of blood. Let the optical density at 520 my of the final solution be a, and 
that from the standard 2 mg./100 ml. solution of sulphetrone similarly treated be 6. Then 
the concentration of sulphetrone in the urine is 2a/b mg./100 ml. The value 6 is usually 
about 0.74. 


Notes 


We used all three methods in experimental work because we had not developed a 
technique for confirming our identification of sulphetrone in urine, and wished to increase 
the specificity of analysis. It is probable that paper chromatography (Boyer, Troestler, 
Rist, and Tabone, 1950) or countercurrent distribution (Titus and Bernstein, 1949) could 
be used instead. 

Identical methods can be applied to promin, using its absorption maximum at 302 mu 
Recovery of promin was quantitative as was that of sulphetrone (Table IV). We were 
not able to apply the method to 2196, which 
decomposes slowly in dilute aqueous solution 
at room temperature, and we have not ex- 
amined the behaviour of diasone. The ultra- 
violet absorption spectra of sulphetrone, its 
acid decomposition product, and DDS are 
shown in Fig. 3. At pH 7 (not shown) DDS 
has an absorption maximum at 291 mz, and 
the amount of sulphetrone found by method 
(A) is increased by about 1.6 mg. for every 
mg. of DDS present. The amount found by 
method (C) is increased by 4.6 mg. for every 
mg. of DDS present. The amount found by 
method (B) is not affected. The conversion 
of sulphetrone to DDS was not quantitative 
under our conditions (Fig. 3, see also p. 579), 
and the absorption spectra given by Brownlee, 
Green, and Woodbine (1948) suggest that it 

i Mla : ; 7 ' | was not under their conditions. They con- 

7 0 0 acieugth (a) SS _ Sidered that sulphetrone was not readily 
es — ; hydrolysed to DDS by acid, but the absorption 

IG. 3.—Absorption spectra of sulphetrone in spectra given in Fig. 3 and the results described 
ee eae et andi ier a on p. 579 show that this was incorrect. Titus 
hours in 0.1 N-hydrochloric acid (C). and Bernstein (1949) have described a method 

of estimating the soluble compounds which is 
almost identical with our third. They reported quantitative conversion of sulphetrone to 
DDS under their conditions. 


er ——- -—--- _—- — — 


26/4 





Molecular extinction coefficient (€) * 1 








Concentration of free diaminodiphenylsulphone in blood after the administration of 
soluble compounds 

1. Oral administration to rabbits —Sulphetrone, promin, diasone, and 2196 
were administered orally to rabbits in doses of | g./kg. and free DDS was estimated 
at intervals in blood drawn from a marginal ear vein. DDS was administered orall\ 
in doses of 50 and 100 mg./kg. It was estimated by the extraction method, as i: 
the other experiments. 

Mean concentrations obtained with three rabbits for each drug are shown 
Fig. 4. The concentrations of DDS resulting from administration of all t! 
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TABLE IV 


RECOVERY OF SULPHETRONE FROM URINE 
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| Found mg./100 ml. 





% Recovery 














Fic. 4.—Blood concentra- 








per 100 ml. 


Milligrams 


tions of DDS in rabbits 
after oral administra- 
tion of 1 g. promin(O), 
1 g. diasone (X), 1 g. 
sulphetrone (@), | g. 
2196 (@), and 50 (>) 
and 100 (A) mg. of 





DIASONE 








DDS per kg. 








Added Method Method — 
mg./100 ml. | ———_—- —-— — ——___—. —— 
| A B Cc A B Cc 
as 39 0.84 0.81 me. ne th 
50 73.7 50.7 57.0 100 100 112 
100 | 422 101 107 98 100 106 
“2 4+ 283 | 189, a la - oe 
10 707 | 130 11.0 98 102 91 
20 82.2 21.8 20:8 107 95 94 
40 103 413 39.2 105 96 93 
70 136 66.2 69.2 107 9] 96 
100 160 920 | 990 99 89 97 
0 55.1 107 ~——0.53 a oe mi 
10 65.8 12.6 10.9 107 115 104 
20 16.2 226 21.2 106 108 103 
30 86.6 32.6 30.4 103 105 100 
50 105 52.5 50.1 100 103 99 
70 124 74.6 70.2 99 105 100 
100 149 105 97.3 94 042 |tiéT 
: ; ‘Mean | 102-25 | 101432 | 9943.5 _ 
3.5 











Hours after 


dosing 


32 
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compounds can only be compared by allowing for the dose, which was not constant. 
The ratio of maximum concentration (mg./100 ml.) over dose (mg./kg.) varied as 
follows: DDS, 11.3, 9.0; 2196, 3.2; promin, 0.54; diasone, 0.44; sulphetrone, 0.23. 
These corrected concentrations tally well with the activities of the compounds in 
the mouse (see p. 567); although the positions of promin and diasone are reversed 
they lie close to each other in both series. There is no doubt that all the compounds 
are converted at least in part to the parent amine, as assumed by nearly all workers 
in this field and proved very recently by others independently (Smith, 1949; Titus 
and Bernstein, 1949; Boyer, Troestler, Rist, and Tabone, 1950). 


2. Intravenous administration to rabbits —Promin, sulphetrone, and 2196 were 
administered intravenously in doses of 1 g./kg. No toxic symptoms were observed. 
Concentrations of DDS found in single rabbits are shown in Fig. 5. The amounts 
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Milligrams per 100 ml. 


Fic. 5.—Blood concentra- 
tions of DDS in rabbits 
after intravenous ad- 

04k ministration of 1 g. 

promin (O), 1 g. sul- 

phetrone (@), and | g. 

2196 (@) per kg. 
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of DDS found after giving promin and sulphetrone were low, and the first concen- 
trations measured were the highest: they could perhaps be attributed mainly to 
the presence of traces of free DDS in the material administered (cf. Table III). 
These two compounds are obviously much more readily converted to DDS when 
given orally, possibly by acid hydrolysis in the stomach (see pp. 579 and 580), in 
conformity with their higher toxicity and activity after oral administration. 
No. 2196 on the other hand was converted to DDS in considerable amount, as 
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shown by the high concentrations detected and the occurrence of a maximum 
ninety minutes after administration. 

3. Oral administration to mice.—(a) By stomach tube.—The soluble compounds 
were administered as solutions and DDS as a dispersion, each mouse receiving 
0.5 ml./20 g. The doses were: promin and sulphetrone, | g./kg.; diasone, 
500 mg./kg.; 2196, 250 mg./kg.; DDS, 100 mg./kg. A group of three mice was 
killed with chloroform, and pooled heart blood was analysed to obtain each point 
on the blood-concentration time curve. The results are shown in Fig. 6. The 





3.64 


3.2 





Milligrams per 100 ml. 
he 
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FiG. 6.—Blood concentra- 
tions of DDS in mice 
after oral administration 1.2 
of 1 g. sulphetrone (@), 
1 g. promin (QO), 0.5 g. 
diasone( x ),0.25 g.2196 
(®), and 0.1 g. DDS 
(A) per kg. 
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concentrations were three to five times higher than those obtained in the rabbit 
when allowance was made for the different doses, but fell in almost the same order, 
diasone and promin being reversed as compared with their positions in the rabbit. 
Fig. 7 shows the relation of blood concentration in the mouse to activity against 
a streptococcal infection in the mouse (see p. 567), expressed as the reciprocal of 
the amount of drug needed to give a constant degree of activity. The points fall 
on or near a smooth curve, and it is therefore concluded that the activity of all the 
compounds, at least against this infection, is due to the free DDS present in the 
blood stream. As suggested in the introduction the results can probably be applied 
to other infections. 

Titus and Bernstein (1949) obtained similar results to ours in mice with four 
of the drugs; they did not examine 2196. 
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(@ sulphetrone, O promin, diasone, (code as in Fig. 7). 


@ 2196, A DDS). 


(b) In the food.—Table V shows the concentration of free DDS found in the 
blood of mice receiving the compounds in the food. Fig. 8 shows the relation of 
blood concentration to activity against streptococci. The results were very similar 
to those obtained by giving the drugs by stomach tube. 

4. Administration to rats in the food—Table VI shows the concentrations of 
free DDS in the blood of rats receiving the compounds in the food. The results 
suggest that the conversion of diasone to DDS is relatively lower, and that of promin 
higher, than in the mouse. The rats were infected with rat leprosy, and the thera- 
peutic results will be described elsewhere (Francis, 1950). 

5. Excretion of sulphetrone and DDS in the rabbit——Male rabbits were catheter- 
ized without anaesthesia, and urine was collected in half-hourly or hourly samples. 


TABLE V 
MEAN CONCENTRATIONS OF FREE DDS IN THE BLOOD OF MICE RECEIVING SULPHONES ORALLY 
IN THE FOOD 
Each value is a mean of four observations, each on the pooled heart blood of a group of 
three mice 





_Sulphone DDS 2196 Diasone Promin Sulphetrone 
Dose (°% in food) = 0.05 0.10 0.10 0.40 1.60 
Approximate dose (g./kg. day) 0.1 0.2 0.2 0.8 3.2 
DDS mg./100 ml. blood oi 0.906 0.530 0.218 0.269 0.348 
Concentration/dose .. me 9.06 2.65 1.09 0.34 0.11 
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TABLE VI 


MEAN CONCENTRATIONS OF FREE DDS IN THE BLOOD OF RATS RECEIVING SULPHONES ORALLY 
IN THE FOOD 


Each value is a mean of six observations, each one on the heart blood of a single rat 











Dose Dose DDS , 
ae (°% in food) (g./kg.iday)  (mg./100 mi.) | Conen./Dose 

DDS... = «5 0.025 0.025 0.130 5.2 

Dae .. J es 0.1 0.1 0.635 6.35 
Diasone 0.1 0.1 0.053 0.53 
Diasone re ir 0.4 0.4 0.194 0.48 
Promin +s oh 0.25 0.25 0.804 3.22 
Promin ‘ ii 1.00 1.0 1.55 1.55 
Sulphetrone 1.00 1.0 0.477 0.477 
Sulphetrone 4.00 4.0 1.59 0.40 





After 6—7 hours the catheter was removed and urine was collected overnight from 
a metabolism cage. After the collection of the first sample sulphetrone was 
administered orally or intravenously and sulphetrone and free DDS were estimated 
in all samples. Typical results in single rabbits are shown in Tables VII and VIII. 

The figures have been corrected for the apparent concentrations of the two 
compounds in the sample collected before dosing, and the figures for sulphetrone 
by methods A and C have been corrected for the contribution made by the free 
DDS present. Acetylated, or similarly conjugated, DDS was not estimated accur- 
ately, but in some experiments an attempt was made to obtain an approximate 
estimate by taking part of the final solution from method B (urine that had been 
allowed to stand in the cold with strong acid for two hours) and heating it at 100° 
for two hours. The amount of DDS found by subsequent analysis was corrected 
for the amount found by method C (analysis after standing with acid in the cold) 
to give an approximate figure for conjugated DDS; some was present in each 
sample, but the amount was lower than, or of the same order as, that of free DDS, 


TABLE VII 


Excretion of sulphetrone and DDS in the urine of a rabbit (¢, 2.6 kg.) after the intravenous 
administration of | g. sulphetrone per kg. 





Sulphetrone excreted 
Period °” of dose by method DDS excreted 
(hours) : - °% of theory 





A B S 

0-3 222 22.0 21.9 0.029 
}-] 15.0 15.1 14.8 0.056 
1-1} 12.9 13.0 12.8 0.058 
14-23 7.45 8.04 7.70 0.018 
24-3} 5.06 $25 5.18 0.048 
34-44 2.06 2.28 2.59 0.008 
44-54 2.15 2.39 2.61 0.023 
54-64 2.76 2.77 3.21 0.029 
64-24 4.95 5.03 7.14 0.122 

Total 74.5 76.6 77.9 0.391 
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and would therefore not greatly affect the degree of conversion of sulphetrone to 
DDS shown in Tables VII and VIII. Smith, Jackson, Chang, and Longenecker 
(1949) concluded that DDS was excreted unchanged to a large extent in the rabbit 
(but cf. below, this page). 


TABLE VIII 


Excretion of sulphetrone and DDS in the urine of a rabbit (¢, 2.3 kg.) after the oral 
administration of 1 g. sulphetrone per kg. 





Sulphetrone excreted 


Period *., of dose by method DDS excreted 
(hours) —_— °~ of theory 
A B os 
0-1 0.28 0.19 0.27 0.01 
1-2 0.56 0.47 0.72 0.11 
2-3 0.62 0.82 0.62 0.14 
3-4 0.62 0.64 0.87 0.07 
4-5 0.39 0.20 0.45 0.11 
5-6 0.48 0.24 0.11 0.14 
6-7 0.55 0.19 0.55 0.14 
7-24 1.84 1.57 4.74 1.20 
24-48 10.6 1.76 14.6 0.64 
Total 15.9 6.08 22.9 2.56 





Table VII shows that after intravenous administration most of the sulphetrone 
is rapidly excreted. The excellent agreement between results obtained by the three 
methods of analysis suggests that most of the material measured is unchanged 
sulphetrone. Traces only of free DDS were excreted, in conformity with the very 
low blood concentrations observed after intravenous administration (Fig. 6). This 
DDS may have been derived directly from traces present in the material administered, 
or indirectly by conversion from sulphetrone either in the blood stream or after 
excretion into the gut. The results of oral administration (Table VIII) were very 
different. Only 6 per cent of the drug was excreted unchanged as judged by method 
B (fall of optical density at 307 mz on adding acid). The other two methods 
indicated larger amounts, although the figures were corrected for DDS. It must 
be concluded that a third compound was present. The nature of this compound 
is unknown, but some properties can be deduced. Its detection by methods A 
and C shows that it must absorb ultra-violet light of a similar range to that absorbed 
by DDS and sulphetrone, and that it is hydrolysed to DDS or a related diazotizable 
amine in the cold, or is itself diazotizable. It was observed that when acid was 
added to diluted urine containing the compound the optical density fell instan- 
taneously, this fall being distinct from that which subsequently occurred slowly as 
sulphetrone present was hydrolysed. A very slight fall only is observed with solutions 
of pure sulphetrone before hydrolysis begins. Therefore, the compound either is 
an amine, or is hydrolysed immediately on adding acid. Its apparent absence from 
the urine after intravenous administration of sulphetrone suggests either that it is 
formed by partial breakdown of sulphetrone in the gut, e.g., by hydrolysis at one 
end of the molecule only, or that it is formed from DDS; the latter was itself formed 
in much larger amount after oral administration. Pressure of other work has so 
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far prevented further investigation, but Titus and Bernstein (1949) have reported 
the conversion of DDS in the dog into a derivative highly soluble in water and 
very readily hydrolysed by acid; it is possible that this is identical with our unknown 
compound. The conversion of sulphetrone to DDS after oral administration was 
not very great, as judged by the amount of free DDS detected; this is in agreement 
with the blood concentrations observed after oral administration. A dose of 
50 mg. DDS/kg. gave about twice as high a concentration of DDS as a dose of 1 g. 
sulphetrone. The relative efficiency of giving sulphetrone was therefore found to 
be about 2.5 per cent in both experiments. These results are in general agreement 
with those obtained by Smith (1949), who showed that large amounts of sulphetrone 
(or other material that could be hydrolysed to DDS) appeared in the faeces after 
oral administration, and by Titus and Bernstein (1949), who found about 40 per 
cent of unchanged sulphetrone in dog urine after intravenous, and 10 per cent after 
oral, administration, and only traces of DDS after either. 


Decomposition of sulphetrone, promin and 2196 in vitro 


1. Decomposition by acid.—One per cent (w/v) solutions of the three compounds 
were diluted with water and N-hydrochloric acid to give 20 mg./100 ml. solutions 
in 0.1 N-hydrochloric acid. The solutions were allowed to stand at room temperature 
(16-20° C.), and | ml. was withdrawn for analysis at intervals and immediately 
neutralized by adding it to | ml. of 0.1 N-sodium hydroxide. Free DDS present 
was estimated immediately by the method described above for the analysis of blood. 
The results are shown in Fig. 9. None of the compounds was hydrolysed 
quantitatively under the conditions used. The ease of hydrolysis increased in the 
order sulphetrone, promin, 2196, the same order which was observed for blood 
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FiG. 9.—Hydrolysis of sulphetrone (@), promin Fic. 10.—Hydrolysis of sulphetrone (@), 
(O), and 2196 (@) to DDS in 0.1 N-hydro- promin (QO), and 2196 (@) to DDS in 
chloric acid at 16-20° C. blood incubated at 37° C. 








580 J. FRANCIS and A. SPINKS 


concentrations in mouse and rabbit after oral administration. This supports the 
view that the formation of DDS after oral administration of the compounds occurs 
mainly in the stomach. 


2. Decomposition in incubated blood.—One per cent (w/v) solutions of the 
three compounds were diluted to 10 mg./100 ml. with fresh rat blood. The blood 
was incubated at 37° and analysed for DDS at intervals. The results are shown 
in Fig. 10. Promin and sulphetrone were hydrolysed to a slight extent only; 2196 
was hydrolysed almost as rapidly as by 0.1 N-hydrochloric acid. The results tally 
with those of intravenous administration of the three compounds (pp. 574 and 577) 
which showed that only 2196 was readily hydrolysed after absorption. 


Toxic effects of diaminodiphenylsulphone 


The toxicity of DDS has attracted considerable attention, but published observa- 
tions have been practically confined to descriptions of changes in the blood. We 
have observed toxic effects on the nervous system. 


Doses of 100 mg. DDS/kg. were tolerated by sheep, but two of four sheep given 
200 mg./kg. died and one of the others showed severe toxic symptoms but eventually 
recovered. In sheep the first symptoms of toxicity are excitement and paraplegia ; 
there may be a nervous nodding of the head. The animal soon falls to the ground 
and shows typical opisthotonos. Both pairs of limbs may be extended in a forward 
position. At other times the animals exhibit clonic convulsions. Breathing is 
rapid, there may be pyrexia, trismus, and twitching of the lips. In a sheep that 
eventually recovered the symptoms were most acute after seven hours when the 
blood concentration was 4 mg./100 ml. Thirty-two hours after dosing it was 
6.6 mg./100 ml. and, after 72 hours, 4.4 mg./100 ml. By this time the sheep was 
quiescent and it recovered 96 hours after dosing, when the concentration was 
2 mg./100 ml. 

Similar but less marked nervous symptoms to those described in the sheep have 
been observed in the dog and in the goat after the intramammary injection of about 
5 g. DDS. The symptoms described by Davies (1950) in a child are not dissimilar, 
although it is surprising that a blood concentration of 15 mg./100 ml. did not produce 
death more rapidly. No nervous symptoms have been observed in the bovine 
even after doses of 400 mg./kg. 

The production of cyanosis was an alarming feature when DDS was first given 
to man. Davies (1950) confirmed the occurrence of cyanosis and pigmentation of 
the blood, but no methaemoglobin could be detected. The production of methaemo- 
globin by DDS in various animals has been described by Francis (1949a). It 
is readily produced in the horse and the pig, to a less extent in the dog, hardly at 
all in the sheep, and not in the bovine. A full spectrographic examination on the 
blood of one horse indicated that the pigment was methaemoglobin. The concen- 
tration of methaemoglobin in the horse fell sooner than that of DDS, and it appears 
from the results in the sheep, given above, that the nervous system also develops a 
tolerance to DDS. It is well recognized (Lowe, 1950) that man develops a tolerance 
to DDS. 

There is nothing highly specific in the toxic effects of DDS. Identical nervous 
symptoms have been described in the goat after the administration of sulphanilamide 
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(Bower, 1947) and similar symptoms in a child (Reed, 1944). The fact that sulphanil- 
amide may produce haemolytic and other changes in the blood of man similar to 
those produced by DDS is well known, although the heterocyclic sulphonamides 
are less liable to produce these effects. 


DISCUSSION 


Whilst this paper was being prepared for publication the papers of Boyer, 
Troestler, Rist, and Tabone (1950) and Titus and Bernstein (1949) were seen. 
Titus and Bernstein obtained similar results to our own with promin, diasone, and 
sulphetrone, and some other derivatives. Taken together, these and our studies 
show that the soluble derivatives are partly converted to DDS in the body, and 
that the therapeutic action depends on the degree of conversion to DDS. When 
the derivatives were given intravenously we found that only 2196 was extensively 
hydrolysed to DDS. Sulphetrone was very rapidly excreted in the urine, mostly 
unchanged. 2196 was also the only one extensively hydrolysed to DDS in the 
presence of blood in vitro. All the derivatives were hydrolysed by 0.1 N-hydrochloric 
acid, and the degree of hydrolysis tallied with their therapeutic activity after oral 
administration. All these facts indicate that hydrolysis occurs chiefly on the stomach, 
and they explain why larger doses of promin can be given parenterally than orally 
(Hinshaw and Feldman, 1941). After oral administration the relative potencies 
of the drugs were: 


DDS - ‘i ms m. - 100 
2196 =i a - os re 43 
Diasone.. ies i es ar 18 
Promin a z4 - _ is 16 


Sulphetrone i a me en l 


2196 was the only one which had almost the activity to be expected from its content 
of DDS and it is, therefore, probably completely converted to DDS in vivo. Never- 
theless, strong solutions have been kept for years without depositing DDS. It 
may, therefore, be useful when parenteral administration is necessary. We are at 
present studying its administration to monkeys intracisternally, and have found it 
to be tolerated in doses of 5 mg./kg.; twice this dose produced temporary paraplegia. 

Smith (1949) has examined the absorption of solubilized drugs in man, using 
methods which did not discriminate between the drugs and DDS. However, his 
results give a useful picture of the proportions of the various compounds that are 
absorbed after oral and parenteral administration. A single daily dose of 0.3 g. of 
ODS in man gave minimal blood concentrations of 1 mg./100 ml. The sulphones 
were fairly equally distributed throughout the body fluids, and no evidence was 
found for their localization in the skin. Smith points out that from a pharma- 
ological point of view DDS has great advantages, in that given orally it is well 
absorbed and slowly excreted, so that only a small amount is needed to establish 
and maintain blood concentrations comparable with those attained by soluble 
sulphones. 

Cochrane, Ramanujam, Paul, and Russell (1949) and Molesworth and Narayana- 
swami (1949) have obtained good results in the treatment of leprosy by injecting an 
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oily suspension of DDS subcutaneously once or twice a week. The total weekly 
dose should not be more than | to 1.5 g. Molesworth and Narayanaswami noted 
few toxic symptoms and found that the drug was particularly well tolerated by 
children. The last observation has been confirmed by Rist and Cottet (1949). 

Lowe and Smith (1949) and Lowe (1950) have given DDS orally for the treatment 
of leprosy. Lowe (1950) concludes that, contrary to general belief, DDS is not 
too toxic for use in man. A regime of oral administration of small doses, rising 
very slowly from 100 mg. a day to the standard 300 mg. a day in five weeks, is 
recommended. This regime has produced excellent results in lepromatous and 
tuberculoid leprosy, and the small doses of DDS used have proved to be at least 
as effective as much larger doses of the soluble sulphones. DDS treatment in 
severe cases “‘is very slow but amazingly certain.’” Francis (1950) has shown that 
a concentration of only 0.004 per cent of DDS in the food produces as good an 
effect on rat leprosy as 0.02 or 0.1 per cent. The good action of such small doses 
is surprising, but Summers (1949) has shown that 0.006 per cent of DDS in the 
food is active against toxoplasmonia in mice. It is possible that doses of DDS 
even smaller than those at present being used may be fully effective for the treatment 
of human leprosy. Even if this possibility is discounted it must be concluded from 
the experimental and clinical evidence so far available that the complex soluble 
compounds have no proved advantage over DDS itself and that the latter should 
be preferred for routine treatment. 


SUMMARY 


1. It is necessary to incorporate nearly a hundred times as much sulphetrone 
as 4: 4’-diaminodiphenylsulphone (DDS) in the food of mice in order to produce 
a given therapeutic effect against streptococcal septicaemia. Smaller amounts of 
diasone and promin are required, and the acetaldehyde bisulphite derivative of 
DDS, 2196, has nearly the activity one would expect from its content of DDS. 


2. Differences in antibacterial potency among these five sulphones are even 
greater in culture media when care is taken to prevent breakdown of the soluble 
derivatives of DDS: if the medium is autoclaved after the drugs have been added 
their “‘ activity’ is greatly increased, owing probably to liberation of DDS. 


3. A method of estimating free DDS in the presence of the soluble derivatives 
is described, and it is shown that the therapeutic effect produced by any of the 
soluble derivatives is closely related to the blood concentrations of free DDS. 


4. The chief breakdown of the soluble derivatives probably occurs in the 
stomach: 2196 is the only one studied that liberates DDS to an appreciable extent 
in the presence of blood or after parenteral administration. Sulphetrone was 
rapidly excreted, mostly unchanged, when given parenterally. Others have shown 
that when DDS is given parenterally it is very slowly excreted. 


5. The results of concurrent studies carried out in man are reviewed. It is 
evident that doses of only 200-300 mg. a day of DDS produce as good, or better. 
effects in the treatment of leprosy than much larger doses of the soluble derivatives. 
It is concluded that DDS is to be preferred for the treatment of leprosy. 


6. The nervous symptoms produced by DDS in some animals are described. 
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THE ACTION OF MORPHINE, PETHIDINE, AND 
AMIDONE UPON THE INTESTINAL MOTILITY 
OF CONSCIOUS DOGS 
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(Received September 20, 1950) 


Morphine is still the most important analgesic in general use. Unfortunately, 
it has side-effects, such as its constipating action, which must be taken into con- 
sideration when it is used, for example, for the relief of pain after abdominal 
operations. It would therefore be an advantage in certain cases to have available 
an analgesic with relatively less effect than morphine upon intestinal motility. A 
new method of measuring the propulsive power of the intestine having been recently 
developed (Streeten and Vaughan Williams, 1950a), it was decided to take advantage 
of the opportunity it offered to make a comparison between the inhibitory effects 
of morphine and the two modern analgesics, pethidine and amidone (“‘ Physeptone ’’). 

The value of studying the activity in dogs of drugs intended for human use may 
be questioned. If, however, evidence from both human and other species is in 
agreement, objections based on the use of animals cannot reasonably be maintained. 
The interpretation, for example, of the adverse effects of a high venous pressure 
in accordance with Starling’s law of the heart is not disputed, although a heart-lung 
preparation has never been made in man. A vast number of papers has been 
published concerning the action of morphine in a variety of tissues and species, 
including man. Although contradictory conclusions have in the past been drawn 
from various portions of the available evidence, the results obtained by the method 
described in this paper have suggested an interpretation of the effects of morphine 
with which none of the evidence is inconsistent. 

Morphine has long been used in the treatment of paralytic ileus. The relief of 
the patient’s anxiety may be an important factor in its efficacy, or the intestine may 
benefit from the depression of its activity induced by the drug. The explanation, 
however, of the reported beneficial effects of morphine in ileus as due to a stimulant 
action upon intestinal propulsion cannot be sustained by any published evidence. 
Whether morphine is, in fact, beneficial in cases of ileus is a problem quite distinct 
from that of its mode of action, and is not the concern of this paper. 


Morphine 
The controversy concerning the action of morphine on the bowel appears to 
have been the result partly of a failure to give a precise meaning to the word 
** stimulation,” partly of an assumption that different methods of recording wer 
measuring the same phenomena. The dispute began when Nothnagel (1882), 


* Schorstein Research Fellow, Oxford University. 
+ Nuffield Demonstrator in Pharmacology, Oxford University. 
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failing to confirm Nasse’s (1865) observation that morphine “ stimulated ” rabbit 
intestine in situ, described the drug as inhibitory. Of the very large number of 
observations made since that time, some have been taken to support Nothnagel, 
others to vindicate Nasse. The literature has been exhaustively reviewed by 
Krueger, Eddy, and Sumwalt (1941). 


A great many investigators* have agreed that morphine increases the “ tone’ 
of the intestine. All these authors employed recording methods which necessitated 
the introduction of balloons into the intestinal lumen. The reaction of the intestine 
to an injectian of morphine was to compress the balloon, with the result that its 
volume was reduced and its contents expelled. Unfortunately, this sustained 
reduction in volume and expulsion from the balloon (which formed a closed system 
with the recording apparatus) of the fluid or air contained inside it was sometimes 
taken to imply an increase in the propulsive power of the intestine itself, although 
the balloon, in fact, remained in situ. The objections to the interpretation of results 
obtained with balloons in terms of propulsive activity have been forcibly expounded 
by Adler, Atkinson, and Ivy (1942). When methods of studying intestinal motility 
were employed which were expressly designed to measure the effort made by the 
intestine to push along its contents within its own lumen, no evidence of a main- 
tained increase of propulsive efficiency after morphine could be obtained. Three 
such methods of measuring intestinal propulsive power have been employed. 


“sé b] 


(a) Timing the passage of a bolus through an intestinal segment was originally described 
by Gottlieb (1910), who introduced a piece of cork into the proximal opening of a ‘* Weller ”’ 
(? Thiry-Vella) loop in a dog, and found that it passed through the loop in 35 minutes. 
When morphine had been sprayed into the lumen of the loop, the passage of the cork 
occupied two hours. After Reid’s (1931) description of a similar technique in Thiry-Vella 
loops, the method was modified by Quigley, Highstone, and Ivy (1934a), who employed 
a sponge rubber bolus and lubricated the inside of the loop with liquid paraffin. They 
found (1934b) that at first, for 10-90 minutes after the injection of morphine, 0.25—1.5 mg./kg. 
subcutaneously, the bolus was expelled from the loop more quickly. When, however, 
this initial phase was over, there followed a pronounced reduction in the rate of passage 
of the bolus, lasting 4-5 hours or more. Similar results were reported by Kanan (1937), 
ind by Weissel, Youmans, and Cassels (1938), on dogs with two intestinal fistulae, one of 
which was used for timing the passage of a rubber bolus, while the other was used to 
ecord contractions on a balloon within the lumen. Templeton and Adler (1940) recorded 
‘he tension developed by a dog’s colon in its effort to expel an inflated balloon inserted 
through a caecostomy. Again morphine was found to cause a short period of more violent 
propulsion of the balloon, associated with an increase of intestinal tone, but followed 
'y a prolonged reduction of propulsive effort. Thus the main effect of morphine exhibited 
by these methods is a prolonged decrease in intestinal propulsive power, and this is in 
greement with the evidence obtained by all other methods of measuring propulsive effi- 
iency. The only evidence which appears to contradict this finding is the initial and 
ransitory phase of more vigorous propulsion of balloons and boluses which occurs imme- 
liately after an injection of morphine, and this will be discussed later. 








* Abbott and Pendergrass, 1936; Adler, Atkinson, and Ivy, 1942; Adler and Ivy, 1940; Devine, 
946; Dvorak, Carlson, Erickson, Smith, and Wangensteen, 1931; Gruber, Brundage, DeNote, 
nd Heiligman, 1935; Gruber, Greene, Drayer, and Crawford, 1930; Gruber and Robinson, 1929: 
<anan, 1937; Krueger, Howes, and Gay, 1935; Ochsner and Gage, 1933; Oettel, 1935; Orr 
ind Carlson, 1926; Plant and Miller, 1923 and 1926; Slaughter and Gross, 1940; and Weissel, 
‘oumans, and Cassels, 1938. 
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(b) Radiological methods have been used extensively on cats, dogs, and man. Magnus 
(1908) studied the passage of a bismuth meal down the gastro-intestinal tract of cats with 
diarrhoea induced by an exclusively milk diet. | He concluded that the observed constipating 
effect of morphine was largely due to a prolongation of the gastric emptying time resulting 
from a tonic contraction in the region of the pylorus, with relatively slight inhibition o! 
small intestinal transport and no effect on the large bowel. Schwenter (1912-1913), alsc 
working with cats, found that the passage of the contrast medium through the small bowe! 
was considerably retarded. 


Human studies have all revealed a retardation of gastric emptying (von den Velden. 
1909: Stierlin and Schapiro, 1912; Schapiro, 1913; Mahlo, 1913; Zehbe, 1913; Pancoast 
and Hopkins, 1915; Orr and Carlson, 1926; Abbott and Pendergrass, 1936; Myers and 
Davidson, 1938). This has been shown by Abbott and Pendergrass (1936) to be due not 
to pylorospasm but to spasm of the duodenum immediately distal to the duodenal cap. 
Most authors have found that, in addition to the retardation of gastric emptying, there 
is a slowing of the passage of the radio-opaque medium through the small bowel. That 
these two effects are distinct has been proved by observing the time taken, after complete 
emptying of the stomach, for the opaque medium to reach the caecum (Schapiro, 1913), 
and by timing the passage of barium through the small bowel when the injection of morphine 
has been delayed until the stomach is already empty (Stierlin and Schapiro, 1912). [n the 
human bowel not all the evidence is in entire accord, for, while Mahlo (1913) and Zehbe 
(1913) considered an inhibition in the rate of large intestinal transport to be the predominant 
action of morphine on the gastro-intestinal tract, Stierlin and Schapiro (1912) could not 
demonstrate such an effect. There is, however, complete agreement that morphine does 
not increase propulsion. 

X-ray studies in a dog with an ileostomy (Orr and Carlson, 1926) have confirmed the 
inhibitory effects of morphine, already noted in cats and in man, on the transport of opaque 
media through the stomach and the small intestine. Schapiro (1913) anastomosed the 
distal end of the upper half of the small bowel of dogs to the caecum, and made a fistula 
leading into the proximal end of the lower half. Timing the passage of bismuth inserted 
into such ileal fistulae, he found that morphine delayed its progress, which is in agreement 
with the other evidence obtained by radiological methods. If, during an experiment, 
the dog was fed, it was found that the conditions were somewhat different. The bismuth 
appeared to move more quickly after food and an injection of morphine, than after food 
alone. It is known, however, that feeding itself causes a prolonged delay in intestinal 
transport (Schapiro, 1913; Gregory, 1950). This delay has recently been shown (Vaughan 
Williams, unpublished experiments) to be due at least in part to emotional factors, and 
apparent quickening may result from a lessened emotional response to the meal. Whatever 
the explanation of this response to food, the effect of morphine in the absence of the com- 
plicating factor of feeding was to delay intestinal transport. 


(c) The third method of study has been the measurement of the rate at which intestinal 
contents were expelled from intestinal fistulae or per anum. Forster (1938, 1940) found 
that a pronounced reduction in the volume of the faeces discharged from a human ileostom) 
occurred during the 90-minute period following the hypodermic injection of 7.5—-22.5 mg 
morphine. This result was confirmed in experiments on a human ileostomy and on four 
human colostomies by Adler, Atkinson, and Ivy (1942). These authors showed that the 
volume of faeces discharged from the ileostomy was reduced from an average of 90 m! 
in 22 control periods of three hours each, to an average of 35.6 ml. in 18 periods of thre: 
hours following a morphine injection. In the subjects with colostomies the expulsion o 
faeces or gas, and the outward movement of the tubes attached to the balloon which wa 
used to record contractions in the colon, were much reduced by morphine, 5-16 m; 
intramuscularly. On nine occasions when the patients with colostomies were found t 
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have “ hypermotility of the colon . . . the administration of morphine completely abolished 
the discharge’ from the colostomy. 

Working on rabbits, Sato (1935) found that an injection of morphine (2-20 mg./kg.) 
reduced the frequency of defaecation and the number of pellets passed during a 7-hour 
period following the injection. This was repeated under urethane anaesthesia when 
increased longitudinal and circular muscle tone could be recorded in the gut in situ by means 
of levers appropriately connected to the bowel wall. The constipating effect of morphine 
in rabbits has been confirmed by Scott, Chen, Kohlsteadt, Robbins, and Israel (1947). 
The passage of a carbon suspension through the gastro-intestinal tract of rats, killed 60 
minutes after a test meal, was used by Karr (1947) to measure the propulsive rate. He 
found that morphine reduced the mean distance along the alimentary tract traversed by 
the carbon particles in 60 minutes. 

In summary, it may be said that all the evidence adduced by radiological methods 
and by investigating the passage of fluid or semi-fluid intestinal contents through 
the alimentary tracts of cats, dogs (except when being fed), rabbits, rats, and man 
has indicated that morphine inhibits their active transport. The only results 
obtained from methods designed to measure propulsion which are in conflict with 
this conclusion are those which have involved the insertion of a solid bolus or an 
inflated balloon into a Thiry-Vella loop or a fistula of the colon. As already 
mentioned, records of the movements of fluid in and out of balloons remaining in 
situ in the intestinal lumen cannot be taken as evidence of intestinal propulsion. 
The same objections apply to the use of multiple balloon systems, spaced at intervals 
and supposed to record the passage of “ peristaltic waves”’ from one balloon to 
the next. Morphine has been said to increase such waves. The danger of inter- 
preting the contractions recorded by such a method as a measure of true intestinal 
propulsive efficiency has been demonstrated by Rowlands, Chapman, Taylor, and 
Jones (1950), who employed concurrently both a multiple balloon system, with 
four balloons, and a radiological method. They found in human subjects that 
only a special type of sustained contraction could be correlated with the passage 
of a barium suspension along the gut, and that these contractions were diminished 
and the movement of barium was delayed for at least four hours by an injection 
of 10 mg. morphine. 


Pethidine and amidone 


Previous investigations of the effects of pethidine and amidone have established 
1 spasmolytic action on Magnus preparations of bowel from guinea-pigs, rabbits, 
ind other animals (Schaumann, 1940; Gruber, Hart, and Gruber, 1941; Climenko, 
'942; Uchiyama, Kirchhof, and David, 1947; Scott and Chen, 1946). Pethidine 
ias been shown to produce severe constipation in an habituated subject (Curry, 
1947) and to inhibit the contractions recorded from inflated balloons placed within 
he human large and small bowel, both through a colostomy opening and at the 
‘nd of a Miller-Abbott tube passed through the mouth (Batterman, 1943; Yonkman, 
944; Yonkman, Noth, and Hecht, 1944). Work on amidone has established a 
‘onstipating effect in rabbits (Karr, 1947; Scott, Chen, Kohlsteadt, Robbins, and 
srael, 1947) and retardation of the passage of a carbon emulsion down the gastro- 
intestinal tracts of rats (Karr, 1947). 

On the other hand, studies of intestinal motility recorded by means of balloons 
inserted into Thiry or Thiry-Vella loops in dogs have shown that both pethidine 
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(Gruber, Hart, and Gruber, 1941; Yonkman, Noth, and Hecht, 1944) and amidone 
(Scott, Chen, et al., 1947) increase the tone and the amplitude of contractions. 
Here again, as with morphine, there is an apparent conflict between the inhibitory 
effects of the drugs demonstrated by one method, and the “ stimulation ” show: 
by another. 


ee 


Solid boluses and balloons are highly abnormal objects for the small intestin« 
to harbour, its contents being, under ordinary physiological conditions, fluid o: 
semi-fluid. It was possible, therefore, that the apparent differences in drug activity 
already noted might, in fact, be artificial, and have resulted from the disparity in 
the methods used for recording intestinal motility, rather than from any species 
difference, or dual action on the part of the drugs. It was felt that the sort of 
evidence necessary to reconcile previous observations in apparent conflict could 
only be obtained from preparations from which the most likely sources of artefacts 
were eliminated; that is to say, by the use of conscious animals and by the measure- 
ment of the actual rate of propulsion of physiological fluid, under controlled condi- 
tions of temperature and pressure, by segments of intestine which retained their 
nerves and blood supply mainly intact. The results presented in this paper were 
obtained from preparations fulfilling these criteria. 


METHODS 


The methods employed were substantially the same as those already described (Streeten 
and Vaughan Williams, 1950a). Briefly, a segment of intestine 4-6 inches long was resected, 
and cannulae were sewn into each end of it. A pedicle carrying the nerves and blood 
vessels was left intact. The continuity of the rest of the gut was restored by a side-to- 
side anastomosis. The cannulae were then brought out through separate small stab inci- 
sions in the abdominal wall, so that, after recovery, a recording apparatus could be attached 
by water-tight fittings to both cannulae, and the rate at which fluid was transported through 
the loop could be measured. Two piston recorders, writing on a smoked drum, recorded 
the contractions of the proximal and distal ends of the loop, and a float recordtr, emptied 
at intervals by a relay, measured the rate at which fluid was expelled from the loop. 


The following modifications were made to the method already described. The cannulae 
used in previous work were made of silver, and it was not found possible to prevent the 
ultimate development of leaks around them. Nearly all the work described in this pape 
was done on loops fitted with ** perspex ” plastic cannulae, which caused less tissue reaction 
and were simpler than the silver ones. The terminal flange was made separately, and 
was mounted on a collar whose position could be adjusted so that it could be made to 
press a perspex washer down upon the skin before the commencement of each experiment. 
The flange was returned to its original position, thus releasing the washer, when the day’s 
experiments were finished. The operation in its present form has given satisfactory results 
for six months without further modification. A perspex cannula, and the method by 
which it is sewn into the loop and abdominal wall, is illustrated in Fig. 1. 


A new method of fitting the recording apparatus to the cannulae has also been intro 
duced. As originally described, the presence of a co-axial rubber collar, between the 
inner wall of the cannula and the tube leading to the apparatus, made it impossible fo: 
the internal diameter of the latter to be greater than 3/16th in. The method of attachmen 
now used (Fig. 2) permits a tube (also of perspex) of bore 5/16th in. to be inserted int: 
a cannula of external diameter 4 in. No metal now comes into contact with the flui 
passing through the loops, all parts through which it runs being made of perspex or rubbe: 
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hiG. 1.—A, perspex cannula. B, cannula and gut sewn end to end. C, invagination of mucosa 
and fixation of cannula to abdominal wall. A strip of omentum covers over the inner flange. 
1), outer flange adjusted to press a perspex washer against the skin immediately before an 
experiment. 


For some of the experiments designed to reveal the mode of action of morphine an 
additional recorder was fitted to the inflow reservoir. This involved the construction 
of fresh apparatus, which has been described elsewhere (Vaughan Williams, 1950). 


RESULTS 


Experiments performed on eight dogs are recorded in this paper. Assays of 
all three drugs were carried out on five of them. The animals were deprived of 
‘ood overnight, and used to lie quietly on their sides while the experiment was in 
progress. The temperature and pressure of the fluid running into the loop were 
rigidly controlled, since they have a great influence on activity, which has already 
seen the subject of detailed study (Streeten and Vaughan Williams, 1950a). Dis- 
‘urbing noises and intrusions were avoided by performing the experiments in a 
quiet basement. The pressures were adjusted to induce the loop to work at a 
suitable rate, usually about 2.0 g. cm. work/min. (method of calculation described 
delow), and it was then allowed to function for a long control period before the 
injection of any drug, to give it an opportunity of establishing a steady rate of work. 
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Fic. 2.-Method of fitting apparatus to cannula. C, cannula. R.W., rubber washer. R.A.. tube 
leading to recording apparatus. A steel wire loop, W.L., drops over the outer flange on the 
cannula: its tightness can be adjusted by screwing back the collar, COL. 


The injections themselves caused no disturbance in the motility of the loops in 
trained dogs, as was established on numerous occasions by injections of saline and 
even of locally irritant solutions, such as 0.5 per cent acetic acid. 


A typical control tracing is shown in Fig. 3. The upper record depicts the 
contractions of the proximal end of the loop. The second tracing records the con- 
tractions of the distal end of the loop, and the third tracing registers the rate at 
which fluid is transported. Each upward movement of the third lever represents 
the expulsion of some fluid from the distal end of the loop, and it can be seen that 
the vertical parts of this tracing correspond with the groups of large contractions 
in the second tracing. The largest contractions on the upper tracing, on the other 
hand, coincide with the horizontal parts of the third tracing, when no fluid was 
being expelled, indicating that, although the groups overlap, the bursts of activity 
at the upper and lower ends of the loop are out of phase. The three long down- 
ward strokes of the third lever indicate the emptying of the outflow recorder by 
the relay. 

In the experiment shown in Fig. 3 the fluid was running into the proxima 
cannula at a pressure of 6cm. Tyrode. The side-arm on the outflow tube, however 
was set at 8 cm. above the outflow cannula, so that every millilitre of fluid expelled 
from the loop had been raised through a height of 2 cm. By calibrating the tracin; 
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FiG. 3.—Upper tracing: contractions of the 
proximal end of the loop. Second tracing: 
contractions of the lower end of the loop. 
Third tracing: volume of fluid expelled from 
the loop, calibrated in millilitres. The three 
downward strokes indicate the emptying of 
the recorder by a relay. Lowest tracing: anwriwcre were 
time in minutes. are 
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of the outflow recorder in millilitres, the rate at which propulsive work was done by 
the loop could easily be calculated from the tracing in gramme-centimetres per 
minute. Time was marked in minutes at the foot of the tracing. 

Morphine, pethidine, and amidone all reduced the rate at which fluid was 
transported by the loop. In Fig. 4 the effects of subcutaneous injections of 30, 
70, and 140 y»g./kg. of morphine are illustrated, all three experiments being on the 
same dog. The increase of effect with increase in the dose is obvious. Not only 
is transport completely abolished, but the amplitude of the contractions is depressed. 
The effects of approximately equipotent doses of morphine, pethidine, and amidone 
on another dog are shown in Fig. 5. 

Qualitatively the effects of the three drugs are obvious from the tracings. How 
best to make a quantitative comparison between them was not immediately apparent, 
however, for recovery from the effects of the drug was gradual, and the rate of work 
done by the loop was in any case subject to spontaneous variations. Finally, two 
methods were adopted. The first was to determine the ratio between the doses 
of each drug just sufficient to cause a complete abolition of fluid transport for not 
less than five minutes. In order to do this a number of doses of each drug were 
given, increasing from below threshold, and the “ threshold ’’ dose was taken as 
the mean of the doses which just would, and just would not, cause abolition of 
iransport for the stated interval. 

The second method was to measure the work done every five minutes for a 

ontrol period of about thirty minutes after a reasonably steady rate had been 
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FiG. 4.—The effects of three difierent doses of morphine in tie same dog. Upper record: response 
to 30 ug./kg. morphine s.c. Middle record: response to 70 «yg. kg. morphine s.c. Lower 
record: response to 140 ug./kg. morphine s.c. 





established, and to calculate the mean work done per five minutes. To take an 
example, such a mean might be 10 g.cm. The actual amounts of work done 
each five minutes were then plotted as differences from this mean on an integrating 
curve. If, in the example taken, the work done in each of six five-minute periods 
was 10, 8, 8, 15, 10, and 9 g. cm., the figures plotted would be 0, —2, —4, +1 
(the sum of —4 and +5), +1, 0. Thus, although there were fluctuations in the 
rate of work done by the loop above and below the mean, there was no maintained 
alteration in the mean rate of working. Such a change did occur, however, after 
the injection of an inhibitory drug, and the method of plotting shows, cumulatively, 
the diminution in the work done. When, after the effects of the drug have worn 
off, a rate of work equal to the original rate is re-established, there is no further 
cumulative change, and the curve plotted then becomes parallel to the base line 
representing the control period. The distance between the two parallels gives the 
total work “‘ lost” as a result of the action of the drug. Fig. 6 shows the effects o! 
0.118 mg./kg. of morphine plotted in this way, and the effects of three doses in 
one dog are plotted in Fig. 7. (The blank portion of the first curve in Fig. 7 indicates 
that, since the original rate of work was already re-established after 50 minutes, 
the experiment was not continued for 110 minutes as in the other two experiments. 
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/PE THIDINE 





Fic. 5.—The effects, from above downwards, of doses of pethidine, 60 ug./kg., amidone, 80 ug./kg., 
and morphine, 3.3 mg./kg., in the same dog. (This was not the same animal as that from which 
the records of Fig. 4 were obtained.) 


This method of assessing the effects of the drugs made it possible to plot dose- 
response curves for all three drugs, and these are shown in Fig. 8. Not all the 
experiments done are depicted in this graph, since several much larger doses were 
given, causing inhibitions lasting many hours, and their inclusion would have 
involved the use of a much smaller scale. Statistical calculations of the significance 
of the differences between these curves is omitted, for it can be seen with the 
naked eye that there is no overlap between the points representing the actions of 
different drugs. 

Calculations of the ratios of the relative potencies of the three drugs by both 
methods—determination of the threshold dose, and the dose necessary to diminish 
the total work done by an arbitrary figure of 100 g.cm.—are in surprisingly good 
agreement. The threshold doses were found to be 29 ug./kg. for morphine (sulphate), 
77 ywg./kg. for amidone (hydrochloride), and 1.7 mg./kg. for pethidine (hydro- 
chloride). The ratios of the relative potencies are recorded in Table I. These 
ratios are expressed as the number of molecules of active base of amidone and 
pethidine necessary to produce the same effect as one molecule of morphine base. 
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TOTAL 

DIMINUTION 

IN WORK AS 

RESULT OF 

DRUG ACTION 

FiG. 6.—Total diminution in propulsive work caused by a 
dose of morphine. At the left of the tracing, variation 
of work done every five minutes about the mean (dotted 
line). At arrow, subcutaneous injection of 0.118 mg./kg. 
of morphine. Ordinates: Work in g.cm. Abscissae: 
Time: each step represents five minutes. The difference 
between the actual propulsive work done in each five- 
minute period and the mean propulsive work per five 
minutes in the control period is plotted integrally 








i ianlaaaay against time. When the curve becomes once more 

ideal i. ---<mean work parallel to the base line, the rate of work has returned 

} more work t wth min to the same level as before the injection. The difference 

. drug between the two parallels represents the total propulsive 
0.118 mg./kg work “ lost’ as a result of the action of the drug. 


Morphine 


From these results the equivalent doses for a human subject of 70 kg. can be cal- 
culated. Whereas morphine gr. } (15 mg.) would abolish intestinal propulsion for 
an hour or more, the same dose of amidone would be only just sufficient to cause 
a detectable inhibition, and pethidine in doses as high as 200 mg. would be well 
below the threshold for inhibition of propulsive activity. 


MO RPHINE 


FiG. 7.—-The effect of 
three doses of mor- 
phine plotted in the 
same manner as was 
described in Fig. 6. 
Ordinates: work in 
g.cm. Abscissae: time. 
The blank portion of 
the first curve indi- 
cates that the experi- 
ment was discon- 
tinued, since the rate 
of work had alread, 
returned to normal. 
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TABLE | 











Ratios of equipotent doses of 


Method —__—— — —— 
Morphine | Amidone Pethidine 
Threshold dose a a. - | 2.86 784 
Dose required to reduce work done 
by 100 g.cm. a ca ea I 2.54 . 750 





Mode of action 

It seemed of interest to discover how the reduction in propulsive work was 
brought about, and further experiments were undertaken, first to reveal the physical 
changes taking place in the loop, secondly to determine whether a central mechanism 
was involved. 

In order to discover what changes occurred in the volume of the loop contents 
under the influence of morphine, an inflow recorder was added to the apparatus. 
This involved a number of alterations to the equipment, to ensure that there were 
no temperature differences in any part of the recording system, and these have been 
described elsewhere (Vaughan Williams, 1950). Briefly the principle was to record, 
by means of a second float recorder, every drop of fluid running into the loop, just 
as the existing outflow recorder registered each drop which was expelled. In order 
that the inflow recorder might be reset at intervals after a given volume of fluid 
had flowed into the loop, it was arranged that, when the relay emptied the outflow 
recorder, the fluid running out of it displaced an equal volume of air into the inflow 
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IG. 8. Dose-response curves for morphine, amidone, and pethidine. Ordinates: total diminution 
in propulsive work caused by the action of the drug. Abscissae: dose, in mg./kg., on a 
logarithmic scale. Circles, morphine. Squares, amidone. Triangles, pethidine. 
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system, and reset the inflow recorder. The operation of this apparatus is demon- 
strated in Fig. 9. A rubber tube had been fitted in place of the Thiry-Vella loop, 


FiG.9.—Simultaneous tracing from inflow and outflow recorders. 
Fluid is running from the inflow to the outflow side of the 
apparatus, through a rubber tube in place of the loop. As 
the upper recorder descends, indicating inflow, the lower 
rises, indicating outflow. When the discharge of the relay 
empties the outflow recorder, the fluid running out displaces 
air into the inflow system, thus simultaneously resetting 
the inflow recorder. 





and fluid was made to flow through it from the inflow reservoir into the outflow 
recorder. In the figure only the tracings from the inflow and outflow recorders 
are shown. It can be seen that, as fluid runs into the tube, the inflow recorder 
descends, and, since fluid is running out at the same rate, the outflow recorder rises 
at the same rate as the inflow recorder falls. When the relay discharges, both 
recorders are reset to their original positions. It will be appreciated that in vivo, 
when an intestinal loop was interposed between inflow and outflow recorders, if 
fluid was removed from the system by absorption, or added to it by secretion, the 
records would not be parallel as they are here. 

In Fig. 10 the effect of a very small dose of morphine (80 ug./kg.) is shown. 
The inflow pressure was set at 7 cm. Tyrode, and the outflow sidearm was 8 cm. 
above the level of the cannulae. From above downwards the records were: con- 
tractions of the proximal end of the loop, inflow into the loop, contractions of the 
lower end of the loop, outflow from the loop, time in minutes. Three minutes after 
the injection of morphine, the contractions of the lower end of the loop became 
smaller; the third lever stayed near the top of its excursion, indicating that the 
lower end of the loop was contracted (A). These small contractions were, never- 
theless, able to force fluid out of the loop at almost a normal rate for two further 
minutes. At B the inflow lever rose, indicating that fluid was forced back into the 
inflow reservoir. Since fluid had been forced out of both ends of the loop, the 
volume of the loop must have diminished. During the next seventeen minutes, 
calculation of the amounts of fluid going in and out of the loop (allowing for the 
mean rate of absorption as measured before the injection and after recovery) reveals 
that more had been expelled than had entered, indicating a further diminution in 
the loop volume. The loop must, therefore, have been contracted down, and it 
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~ MORPHINE 
80 pg /kg 


Fic. 10.—Effect of a subcutaneous injection of morphine. Top tracing: contractions of proximal 
end of loop. Second tracing: inflow record. Third tracing: contractions of distal end of 
loop. Fourth tracing: outflow record. Fifth tracing: time in minutes. At the first arrow 
80 »g./kg. morphine injected subcutaneously. At A the contractions of the distal end diminish. 
The lever is at the top of its excursion, indicating that the muscle is contracted, i.e., is stopping 
in systole. At B, fluid is forced out of the proximal end of the loop back into the reservoir, 
simultaneously with the expulsion of fluid from the lower end. The mean level of the top 
lever also rises, showing a contracture of the proximal end. At C, relaxation of proximal end 

fall of top lever; also, fluid flows into the loop. D, level of inflow recorder reset by addition 
of 10 ml. Tyrode to the system. E, proximal end of loop again relaxes, and transport by the 
loop is resumed. 


inability to relax prevented the further passage of fluid. At C the proximal end 
suddenly relaxed (fall in top lever) and fluid ran into the loop (fall in second lever). 
This fluid was then expelled once more (rise in fourth lever) and transport was 
again prevented. At D, 10 ml. was added to the inflow system to prevent the 
tracings running into one another. At E the proximal end once more relaxed, fluid 
re-entered the loop, and transport rapidly recovered and returned to its former rate. 
The conclusion drawn from this and similar experiments was that, during the period 
of inhibited propulsive activity induced by morphine, the muscle of the loop was 
in a state of contracture. 


Intervention of central mechanism 

If no central mechanism was involved in the inhibitory effect of morphine, then 
the concentration of the drug necessary to cause inhibition in vivo should be of 
the same order as that required in vitro. Further, if such a central mechanism was 
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operative in the action of morphine but not, for example, in that of amidone, then 
the ratios of the potencies of the two drugs would be different in vivo and in vitro. 


In vitro experiments on rabbit and dog intestine were carried out with the object 
of revealing such differences. Trendelenburg (1917) preparations of rabbit intestine 
were used with the addition of inlet and outlet valves and of the same outflow 
recorder as was used in the experiments already described, so that the contractions 
of the segment of gut pumped fluid into the recorder (Streeten, 1950). For the dog 
experiments, a segment of gut, adjacent to that used to make a Thiry-Vella loop, 
was excised at operation, and the arteries and veins of its pedicle were immediately 
cannulated. The blood was washed out of the vessels by perfusion with Tyrode, 
and large cannulae were tied into both ends of the segment. The latter were then 
attached to the recording apparatus in exactly the same way as the Thiry-Vella 
loops; the only difference being that, whereas the in vivo loops were supplied with 
blood and nerve impulses and lay in the abdominal cavity, the isolated segment 
was perfused with Tyrode and lay in a bath of oxygenated Tyrode at 38° C. It 
was found that under these conditions the loop would transport fluid for two hours 
or more against a pressure gradient, at up to half the rate achieved by a Thiry-Vella 
loop. Injections of drugs were made into the tube perfusing the vessels. 

Both sets of experiments were in agreement, in that the concentrations of both 
amidone and morphine necessary to produce any effect were far higher than would 
be produced by doses effective in vivo. Assuming that a drug is diluted in 300 ml. 
for every kilogram of body weight (1/10 weight for blood volume + 1/5 weight 
for extracellular fluid) the threshold inhibitory concentrations of morphine and 
amidone in vivo would be in the neighbourhood of 10 ug. per 100 ml. and 25 xg. 
per 100 ml. respectively. In the most sensitive of the preparations of isolated dog 
intestine the introduction of as much as 50 ug. morphine into the arteries of a piece 
of gut weighing 12 g. was necessary to produce any observable inhibition—that is to 
say, the concentration of drug required was at least one hundred times as great 
as that which would have been produced by effective doses in vivo. Similarly, the 
ratio of in vitro to in vivo threshold doses of amidone was found to be high—namely, 
forty to one. The same is not true for pethidine, however, which inhibits propulsive 
activity in vitro at concentrations not very different from those effective in vivo. 

The results obtained on rabbit intestine presented a similar picture. The mean 
effective threshold concentrations of amidone and pethidine were in the ratio 1: 4. 
The effect of morphine on the propulsive activity of rabbit gut was very variable. 
In some experiments, although there was an alteration in the type of contraction, 
the propulsive activity was unaffected by concentrations as high as 4 mg. per 100 ml. 
A few segments responded with increased propulsive activity, though the majority 
were inhibited. But here again the concentration of morphine required to produce 
any effect on propulsion at all was at least one hundred times as great as that produced 
by effective doses in vivo in dogs. 

The conclusion drawn from these experiments is that, since the concentrations 
of morphine and amidone effective in isolated rabbit and dog intestine are of quite 
a different order from those effective in the dog in vivo, some mechanism other than 
a direct effect upon the muscle or intrinsic nerves of the gut must be involved in the 
in vivo activity of the drugs. Since the difference between effective in vivo and in 
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vitro concentrations of pethidine is small, no such conclusion can be drawn for 
pethidine. 


Frequency of contractions 

None of the drugs caused any consistent change in the frequency of the con- 
tractions. Normally the frequency is remarkably constant, the variation seldom 
being more than one contraction per minute from the mean. During the action of 
these analgesics the variation was somewhat larger, the frequency sometimes having 
changed by as much as two contractions per minute. The change was not, however, 
consistent in its direction, the contractions being sometimes more, sometimes less 
frequent. The failure to find a constant effect of morphine on the frequency of 
contractions is in agreement with the results of Gruber, Brundage, DeNote, and 
Heiligman (1935) in dogs, and of Abbott and Pendergrass (1936) in man, but an 
increased frequency after morphine has been reported by Forster (1940), Devine 
(1946), and Plant and Miller (1926), and a decrease in frequency has been said to 
occur after morphine by Krueger, Howes, and Gay (1935) and by Oettel (1935). 


The rate of work re-established after recovery from the effects of the drugs was 
usually the same as before the drug was given. After pethidine on three occasions, 
and on one occasion after morphine, the loop settled down to work at a steady 
but faster rate after recovery from the phase of inhibition. Also on two occasions 
with pethidine, when the dose given was just below the threshold for inhibition, 
the loop worked at a more rapid rate for about fifteen minutes. These more rapid 
rates did not occur consistently, but they are mentioned because they were occa- 
sionally met with, though only in the circumstances mentioned; namely, during 
the phase of recovery, or when the dose was just sub-threshold. 


DISCUSSION 

The above results indicate that morphine, amidone, and pethidine all inhibit 
the propulsive power of cannulated Thiry-Vella loops. It has been shown that this 
inhibition occurred simultaneously with a contracture of the loop, whose contents 
were expelled. This cessation of activity in systole, as it were, has been held to 
account for the diminution in the amplitude of the individual contractions. If, as 
is shown in Fig. 10, the muscle momentarily relaxed, so that fluid was once more 
enabled to enter the lumen, propulsive activity was immediately resumed and the 
fluid expelled. When balloons are inserted into the lumen to measure intestinal 
tone, precautions are taken to prevent their expulsion. That is to say, the intestinal 
muscle is kept forcibly dilated, and responds with a continued “ increase of tone.” 
Thus the inhibition of intestinal transport observed here is quite consistent with 
the increase of tone found by so many workers, for it appears to be the contracture 
of the loop which obstructs the transport. 

Methods requiring the insertion of solid boluses also necessitate forcible dilatation 
t the intestine. Abbott and Pendergrass (1936), using Miller-Abbott tubes with 
ierminal balloons, found that the rise in tone following injections of morphine in 
nan was greatest in the duodenum, but became progressively less the further the 
valloon was placed down the small intestine. Assuming the same graded response 
'n dogs, it is not surprising that the increase of tone caused by morphine accelerates 
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the expulsion of a solid object already within the intestinal lumen, or forcibly 
introduced therein. If hard faeces are likened to a bolus, a similar explanation 
would account for the defaecation which often occurs in dogs immediately after a 
large dose of morphine. Thus, again, the acceleration of the passage of a solid 
bolus, which is inserted by force into the lumen, by a contracture of intestinal 
muscle, is not inconsistent with the obstruction presented by a similar contracture 
to the transport of fluid under the conditions of pressure employed in these Thiry- 
Vella loops, which previous work has shown to be optimal for transport under 
normal conditions when no drug has been given. 


It is emphasized that the method described here is designed to demonstrate the 
propulsive work done by the loop, and not the total work, though this could, in 
fact, be calculated approximately from the amplitude of the contractions and the 
prevailing pressure. Krueger, Howes, and Gay (1935) have shown that, when a 
segment of intestine is dilated by a balloon connected to a water column, the total 
work done by the intestine after morphine (0.1-10 mg./kg.) in holding up the column 
is actually increased. This result is not inconsistent with a diminution in propulsive 
work which can only be effected by co-ordinated contractions. Ifa loop of intestine 
develops a prolonged contracture, it is impossible for such co-ordinated propulsive 
movements to occur, even though the capacity for work by the muscle itself might 
be greater in response to stretching by artificial procedures. 


The large difference between threshold concentrations of morphine effective in vivo 
and in vitro has been taken to imply that a central mechanism is involved in the action 
ofsmall doses in vivo. It is not necessarily supposed that the drug initiates an outflow of 
impulses from a central source; its action, for example, could equally well be the poten- 
tiation of impulses already arriving under normal conditions (but absent, of course, in 
vitro). Sato (1935) observed that the constipating effects of morphine in rabbits 
could be abolished by removal of the coeliac ganglion or by section of the spinal cord 
between segments C7 and T1, but not by vagotomy and destruction of the sacral part 
of the cord. His ownconclusion from this evidence was that the inhibitory action of 
the drug was mediated by stimulation of the centre for sympathetic nerves. Magnus 
(1906) failed to abolish the drug’s constipating effect (on cats with milk diarrhoea) 
by dividing the mesentery at its attachment to the posterior abdominal wall, the 
mesenteric vessels being left intact. Dreyer (1929) also failed, by cutting the 
splanchnic nerves and the vagus, to abolish the increase of intestinal tone caused 
by morphine in cats; and Plant and Miller (1923, 1926) found that recent denervation 
actually increased the response to the drug of Thiry-Vella loops in dogs. Morphine 
has long been known (Elliott, 1912) to cause depletion of the suprarenals’ reservoir 
of adrenaline. This fact is, however, probably unrelated to morphine’s inhibitory 
effect on intestinal propulsion, for Vamossy (1897) and Dreyer (1929) found that 
adrenalectomy did not alter the response of the bowel, and Plant and Miller (1926) 
observed that adrenaline relaxed the increase of tone induced by morphine. Thus 
the part played by the sympathetic system in the action of morphine is far from clear. 


Evidence of the involvement of a cholinergic mechanism has also been sought 
by many workers. Atropine has been claimed to reverse the increase of intestina! 
tone after morphine in cats by Myers (1939), in man by Adler, Atkinson, and Ivy 
(1942), and in dogs by Gruber, Greene, Drayer, and Crawford (1930), Oettel (1935) 
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Kanan (1937), and Adler and Ivy (1940). The observation, however, that morphine 
amidone, and pethidine are all inhibitors of cholinesterase (Bernheim and Bernheim, 
1936; Eadie, 1941; Brindley, 1944; Eadie, Bernheim, and Fitzgerald, 1948) is 
probably not related to the action of these substances on the intestine, for the 
concentrations which have been shown to inhibit the enzyme are far greater than 
would be produced in a living animal. Moreover, Eichler (1943) has shown that 
acetylcholine will abolish the inhibitory effect of morphine on peristalsis in isolated 
preparations of guinea-pig intestine, studied by Baur’s (1923) method. 

Thus, although there is support for the belief that the action of morphine in 
vivo involves the intervention of a mechanism not present in vitro, no conclusive 
evidence of the nature of the mechanism is yet available. 


The ratios of equipotent doses of morphine, amidone, and pethidine for analgesia 
in man have been given by Christensen and Gross (1948) as 1.0: 0.3: 10. Thorp 
(1949) found that in rats d/-amidone hydrochloride was a slightly more powerful 
analgesic than morphine sulphate, and Trioxil (1948) observed in human subjects 
that 10 mg. amidone was equivalent in analgesic properties to 15 mg. morphine. 


As already noted in a preliminary communication (Streeten and Vaughan Williams, 
1950b), the clinical significance of our results, therefore, is that, since the ratio of 
equipotent doses of morphine, amidone, and pethidine in inhibiting intestinal 
propulsion is 1.0: 2.5: 750, amidone has an advantage of approximately 5:1 and 
pethidine of 75:1 over morphine when an analgesic is required which does not 
interfere with the propulsive motility of the intestine. 


SUMMARY 


1. Measurements have been made, in conscious dogs, of the rate at which physio- 
logical fluid was transported by cannulated Thiry-Vella loops of intestine, under 
controlled conditions of temperature and pressure. The method used permitted 
an accurate assessment in g.cm. of the propulsive work done. 


2. Morphine, amidone, and pethidine were all found to depress intestinal 
propulsion. The inhibitory potencies of the three drugs were compared by deter- 
mining the threshold doses for inhibition of propulsion and the doses of each drug 
which would reduce the loop’s performance of work by an arbitrary amount, 
100 g.cm. The ratio of doses found to produce the same inhibition of intestinal 
propulsion was morphine 1, amidone 2.5, pethidine 750. Since the ratio of doses 
having the same analgesic effect is approximately 1: 0.5: 10, amidone has an 
advantage of 5 to | and pethidine of 75 to 1 over morphine, when an analgesic is 
required which does not interfere with intestinal motility. 


3. Relatively much smaller doses of morphine and amidone inhibited motility 
in vivo than were found to be necessary for the inhibition of fluid propulsion in 
isolated preparations of dog small intestine. This implies the intervention of some 
central mechanism in vivo. The evidence is against the involvement of such a mechan- 
ism in the action of pethidine. 


4. Simultaneous records of the rate at which fluid was admitted and expelled 
from the loops have shown that the inhibition of propulsive activity by morphine 
iS associated with the expulsion of the intraluminal contents by a prolonged 
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contracture; on relaxation (afier a small dose) transport is resumed. An interpreta- 
tion of the mode of action of morphine is suggested which resolves the apparent 
conflicts in previous evidence. 
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THE EFFECT OF METHIONINE AND OF 
THIOURACIL ON THE METHYLATION OF 
NORADRENALINE IN THE BODY 


BY 
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From the Department of Pharmacology, Oxford University 
(Received September 18, 1950) 


When insulin is injected into a rat, the result of the hypoglycaemia is a discharge 
of amines from the adrenal medulla. Burn, Hutcheon, and Parker (1950b) have 
found that when the hypoglycaemia is prolonged the total quantity of amines which 
can be extracted from the glands falls, and the proportion of noradrenaline rises. 
Thus, after the injection of 0.2 unit insulin per 100 g., the total amine content fell 
from 0.92 mg./g. to 0.44 mg./g. at the end of 8 hr. and the proportion of noradrenaline 
rose from 10 per cent to 33 per cent at the same time. The explanation suggested 
for the rise in the proportion of noradrenaline was that, after a prolonged period of 
amine production and discharge, the medulla manufactured or accumulated nor- 
adrenaline at a faster rate than it was able to methylate it. This explanation assumes 
that noradrenaline is the precursor of adrenaline; evidence for this has already 
been obtained by Biilbring (1949), who showed that minced adrenal tissue from cat 
and from.dog was able to convert noradrenaline to adrenaline provided that adenosine 
triphosphate was present. Bilbring and Burn (1949b) also showed that nor- 
adrenaline is converted to adrenaline in the isolated perfused adrenal gland of the dog. 

The percentage of noradrenaline in the adrenal gland of the rat some hours 
after the injection of insulin can therefore be used as an index of the power of 
the adrenal gland to perform methylation. We know from the work of Keller, 
Boissonas, and du Vigneaud (1950) that when methionine, containing labelled 
carbon in the —CH, group, is added to the diet of rats, the labelled carbon is found 
in the —CH, group of adrenaline isolated from the adrenal gland. The question 
then arises whether the rate of methylation can be accelerated by adding methionine 
to the diet. The question has clinical importance because there may be men whose 
adrenal glands contain a high proportion of noradrenaline. Holtz and Schiimann 
(1950) have found that noradrenaline is present in the normal adrenal medulla of 
man, but it is not known whether the proportion varies in different subjects as it 
does in cats. Biilbring and Burn (1949a) found that in cats the proportion liberated 
by splanchnic stimulation ranged from 2 to 85 per cent of the mixture with adrenaline. 
If some individuals liberate a large proportion of noradrenaline, then, since this 
substance has much less bronchodilator action than adrenaline, these individuals 
might be less able to overcome a bronchospasm, and might on that account be 
asthmatics. If the rate of methylation could be increased by increasing the amount 
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of methionine in the diet, the administration of methionine might be beneficial to 
some asthmatics. 

The second question to which we have sought to find an answer is whether the 
thyroid hormone modifies the rate of methylation. In discussing methylation Dr. 
R. B. Bourdillon referred us to the paper by Stuber, Russman, and Proebsting 
(1923), who showed that, after removal of the thyroid gland, rabbits were unable 
to form creatine from guanidoacetic acid. We have therefore compared the per- 
centage of noradrenaline in the adrenal gland some hours after the injection of 
insulin in normal rats, or rats given thyroxine, with the percentage in rats given 
thiouracil for some time beforehand. 


RESULTS 


Rats deficient in methionine.—The effect of methionine deficiency was first studied 
in rats fed on a basic diet low in methyl-donating compounds. This diet was adapted 
from Beveridge, Lucas, and O’Grady (1944), who found that it was just sufficient 
to maintain the body-weight of young adult rats (150-200 g.). One experiment 
will be described in detail. 


Two groups of six “* Wistar’ rats, mixed males and females between 50-80 g. in wt., 
were given a diet for 14 days consisting of 8 per cent casein, 12 per cent gelatin, 8 per cent 
margarine, 4 per cent salt mixture, and 68 per cent sucrose. This diet was made up in 
bulk and stored in the cold-room. The rats ate about 8.0 g. per day each. 

This diet was supplemented in the following way: 


Deficient group Methionine group 

4.0 g. aneurin 4.0 mg. aneurin 

80 pg. riboflavin 80 ug. riboflavin 

50 mg. glycine 100 mg. DL-methionine 


The supplements were given to each rat every other day by stomach-tube, in the form of 
aqueous solutions. 

After six days on this diet, both groups were kept without food overnight and injected 
the next morning with 0.4 unit insulin per 100 g. body wt. This was done to deplete the 
pressor amines in the adrenal medulla and ensure reformation. The rats were given food 
again the same night, and the diet was continued until the thirteenth day, when they were 
once more kept without food overnight and injected the next morning with 0.4 unit insulin 
per 100 g. They were killed 12 hours later, and the adrenal glands extracted in 0.1 N-HCI. 
The preparation and estimation of these extracts have been described by Burn, Hutcheon, 
and Parker (1950a). The extracts were injected into a spinal cat to record the rise of 
blood pressure and the contraction of an innervated nictitating membrane. The injections 


TABLE | 
ESTIMATION OF PROPORTION OF ADRENALINE IN SUPRARENAL EXTRACT 





Rise in Contraction of Ratio 
Obs. Injection B.P. nictitating a 
(b) membrane (a) b * ha 
42.0.9 mI. 50%A + 50°N 104 mm. 8mm. 77 
43 0.5 ml. supplemented extract 104 1] 106 
44 1.0 ml. 75%A + 25%N 106 12 113 
45 10 ug. /-adrenaline 104 17 163 





2Q 
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TABLE Il 
COMPARISON OF SUPRARENAL EXTRACTS FROM DEFICIENT RATS AND RATS GIVEN METHIONINE 





| | | 








Rise of Contraction of Ratio 
Obs. Injection blood nictitating 4 1.000 

pressure (5) membrane (a) b , 
8 | 0.5 ml. methionine extract 92 mm. | 15.5 mm. 168 
9 0.5 ml. deficient extract 111 16 144 
10 | 0.5 ml. methionine extract 105 16 152 
12 0.2 ml. deficient extract 63 6.5 103 
13 0.2 ml. methionine extract 62 8 129 
14 0.3 ml. methionine extract 84 12 142 
15 0.3 ml. deficient extract 90 12 133 
16 0.2 ml. deficient extract 65 8 123 
17 0.2 ml. methionine extract 62 | 9 145 





were given between injections of known mixtures of adrenaline and noradrenaline, the 
amounts of these mixtures and of the extracts being such as to give about the same rise 
in blood pressure. The figures in Table I show how one estimate of the extract from the 
methionine-supplemented rats was obtained. 


The ratios in Table I were plotted as ordinates against the adrenaline percentage 
in the known mixtures; this percentage was 50 per cent in obs. 42, 75 per cent in 
obs. 44, and 100 per cent in obs. 45. The percentage of adrenaline in the “ supple- 
mented ’’ extract was then read off from this graph and found to be 70 per cent. 
Three estimates of each extract were obtained in a similar manner, and the mean 
result showed that the deficient extracts contained 64 per cent and the methionine- 
supplemented extracts 74 per cent adrenaline. This is experiment 6 in Table III. 

As a further example of the evidence on which the results in Table III are based, 
the details of the results of Exp. | are given in Table II. In this experiment the 
effects of injecting the extract from the deficient rats were repeatedly compared 
with the effects of the extract from the rats with a methionine supplement. 

When each injection of “* deficient ’’ extract in Table II is compared with the 
adjacent injection of *‘ methionine ”’ extract which had the same or a very similar 
pressor effect, the ratio for the “‘ deficient ’’ extract was in every case smaller than 
the ratio for the methionine extract. That is to say, the extract prepared from 
the methionine-supplemented animals consistently showed a higher proportion of 
adrenaline than the extract prepared from those which were deficient in methionine. 

The results in the six experiments with rats given a deficient diet are summarized 
in Table III, which shows that in all the experiments a variable but consistently 


TABLE Ill 
SUPRARENAL EXTRACTS OF RATS GIVEN DEFICIENT DIET 





Adrenaline percentages 


Type of rat : _ a : 
Exp. | 2 3 4 5 6 | Mean 


Deicitres .. .. . .| © % @© 3S © o | We 
Rats given methionine ot ~ 93 95 72 59 90 74 80.5 
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TABLE IV 
SUMMARY OF METHIONINE-DEFICIENT DIET EXPERIMENTS 


Ch.Cl. — choline chloride; M = pL-methionine (Roche). Nic. = nicotinamide (B.D.H.); 
CHO/fat = protein-free diet. All rats received 2 mg. aneurin per day and the rats in 
Exp. 6 also received 40 yg. riboflavin per day 








| 

















ps ‘Composition | Supplements per rms per day _—— | — | ss 
Exp. rats | b Bd diet | Methionine Deficient experi- 100 | post- 
(g.) — group group ment  =—s-_ g. Wt insulin 
l 70-95 . 18°, casein 24 mg. M. 2.0 mg. Nic. 13 days 0.4 i.u. 44 hr. 
2 55-90 | 8% casein 24 mg. M. + 2.0 mg. Nic. 14 days 0.1 i.u. 5 hr. 
12°%% gelatin | 24 mg. Ch.Cl. | 
3 80-90 CHO/fat 200 mg. M. 10 mg. Nic. 4 days O.8i.u. | 12 hr. 
100 mg. (Ist day) | 
glycine 10iu. | 
| (4th day) | 
4 55-75 | CHO/fat | 200 mg. M. 10 mg. Nic. 7 days 0.4i.u. | 12h. 
+ 100 mg. 
glycine 
5* 60-85 | CHO/fat 50 mg. Nic. 50 mg. Nic. 4 days 0.4i.u. | 12 hr. 
| 200 mg. M. 50 mg. Nic. 
(On last day only) 
6 50-80 | 8°% casein 50 mg. M. 25 mg. glycine 14 days 0.4i.u. | 12 hr. 
12°% gelatin (6th day) | 
0.4 i.u. 
(14th day) 
* See text. 


positive difference in favour of the methionine-fed rats could be observed. The 
mean difference was 9.9 per cent. 

Table IV summarizes the details of the individual experiments. In some 
experiments a protein-free diet of the following composition was used: 80 per cent 
dextrose, 16 per cent margarine, and 4 per cent salt mixture; it is referred to as 
CHO/fat in Table 1V. In Exps. 3, 4, and 6 glycine was given to the deficient group 
of rats in order to provide the same amount of amino-N as the supplemented rats 
were receiving in the form of methionine. In Exp. 5 nicotinamide was given to 
both groups for 3 days, and on the last day, during the period of insulin hypoglycaemia, 
one group received 200 mg. DL-methionine and the other group a further 50 mg. 
nicotinamide. 

The first two experiments were performed in October and November, 1949, 
and the last four in May and June of this year. In order to produce symptoms of 
hypoglycaemia in the later experiments it was necessary to use larger doses of 
insulin than were previously injected. 


Excess methionine in normal diet——Another series of experiments was carried 
out in which the effect of giving excess methionine to rats eating a normal diet of 
‘* rat-cubes ’> was examined. The details of the diet supplements are summarized 
in Table V. In comparison with the rats which had been fed on a prepared diet, 
the duration of the treatment was not so prolonged, and the rats used were of a 
higher weight. As in the previous series of experiments, the dose of insulin had 
to be increased as the winter gave place to spring. With the exception of Exps. 7 
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TABLE V 


SUMMARY OF EXPERIMENTS IN WHICH ADDITIONAL METHIONINE WAS GIVEN TO RATS ON 
NORMAL DIET 


M. = pDt-methionine (Roche). Nic. Nicotinamide (B.D.H.) 





. Supplements per rat per day = Time of 
Exp. ring — — Insulin per death 
tn Methionine Control ee ee 100 g. wt. post- 
B- group group seein insulin 
: ee 24mg. M. | 10mg. Nic. 10 days 0.2 iu. 6 hr. 
y 140-220 200 mg. M. 1 day 0.2 i.u. | 12 hr. 
10 115-160 200 mg. M. 3 days 0.4 i.u. (Ist day) | Oh. 
(2 days) 0.6 i.u. (3rd day) 
11-13 130-175 200 mg. M. 4 days 0.6 i.u. (2nd day) 12 hr. 
0.6 i.u. (4th day) 
14 110-160 200 mg. M. 4 days 0.8 i.u. (2nd day) 12 hr. 
0.8 i.u. (4th day) 
15 135-160 200 mg. M. 4 days 0.8 i.u. (2nd day) 12 hr. 
, 1.0 i.u. (4th day) 





and 8, the control group in this series were fed on the normal “ rat-cube ”’ diet, 
without any other addition. 

Table VI gives the percentage of adrenaline found in the adrenal glands of the 
two groups. The mean difference in Table VI is in the same direction as in Table III, 
but by themselves the figures in Table VI do not show a significant difference. In 
Exp. 13 the percentage of adrenaline in the rats given methionine was less than 
in the controls by 13 per cent. We draw the conclusion that, while there is some 
indication that the addition of excess methionine may increase the methylating 
power of the adrenal gland, we cannot define conditions in which this can be 
demonstrated with regularity. 


Experiments with thiouracil—The rats used in these experiments varied from 
100 to 140 g. (mean weight) in different experiments. Each group contained six 
rats and in each group of any experiment the sex and body-weight distribution were 
the same. Thiouracil was given in 0.1 per cent (w/v) solution as drinking water. 
The results are summarized in Tables VII and VIII. Exps. 16 and 17 were carried 
out at a temperature of 18° to 20° C., the rats being kept indoors. In Exps. 18. 
19, and 20 the rat cages were under cover out-of-doors, since the effect of thiouracil 
is greater when the temperature is lower. The thiouracil produced an increase 
in size of the thyroid gland. In Exps. 18 and 20 the control rats were given thyroxine. 


TABLE VI 
RATS HAVING NORMAL DIET GIVEN EXCESS METHIONINE 





Adrenaline percentages 
Type of rat - —- 
Exp. 7 8 9 10 11 12 13 14 15 Mean 
Control rats eh 67 69 73 59 61 44 78 52 50 61.4 
Rats given methionine | 82 73 74 60 69 61 67 82 47 68.1 
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TABLE VII 
EFFECT OF THIOURACIL ON ADRENALINE PERCENTAGE 





Thyroid wt. mg./100 g. 





Exp Days of —s Adrenaline percentage _ 
thiouracil Control Thiouracil “ 100 g. Thiouracil Control | Thyroxine 
16 14 8.5 29.0 0.1 75-100* 75—100* 
17 12 87 84 
18 12 8.1 21.0 0.2 83 83 
19 16 11.0 25.7 0.2 62 63 
20 25 3.2 18.6 0.8 42 30 





* The percentage was not precisely determined, but the thiouracil figure was slightly higher than the control. 


TABLE VIII 
AMOUNTS OF ADRENALINE AND /OFADRENALINE IN GLANDS 


The figures were obtained by comparing the pressor effect of the extract with that of a 
mixture of adrenaline and noradrenaline containing the same percentage of adrenaline 
as the extract 











Total pressor activity mg./g. 


Exp. - 
Thiouracil Control Thyroxine 
16 0.68 0.74 
17 0.7 0.84 
18 0.47 0.6 
19 0.85 0.60 
20 0.58 0.77 





In Exp. 18, 50 ug. thyroxine sodium dissolved in 0.01 N-NaOH was given by sub- 
cutaneous injection every four days, the total being 0.15 mg. In Exp. 20 the same 
amount was given at 3-day intervals during 25 days, the total being 0.4 mg. In 
Exp. 16 the adrenaline percentage in the two groups of rats was not accurately 
determined, though it lay between 75 and 100 per cent. A direct comparison of 
the two extracts showed that the percentage was slightly higher in the rats given 
thiouracil. In Exp. 17 no insulin was injected. In Exps. 17, 18, and 19 there was 
no difference in the percentage of adrenaline in the control and thiouracil groups, 
while in Exp. 20 it was very low in both groups, though actually higher in the 
thiouracil group than in the thyroxine group. 

The total amine content measured by the pressor activity was, in all experiments 
except Exp. 19, lower in the thiouracil rats than in the control rats. In both experi- 
ments in which thyroxine was given it was higher in the thyroxine group. The 
figures are given in Table VIII. 


DISCUSSION 
We have been able to demonstrate that in rats with some degree of methionine 
deficiency the administration of methionine increases the rate of methylation of 
noradrenaline. However, although the effect was seen in each experiment, it was 
not a large effect. Probably the actual number of methyl groups required to 
methylate noradrenaline in the adrenal medulla is small in relation to the number 
in the body. 
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In rats in which no attempt was made to create a methionine deficiency, the 
giving of excess methionine did not raise the percentage of adrenaline in the adrenal 
medulla to an extent which was significant, though there was a change in this 
direction. The result does not suggest that the proportion of adrenaline in the 
adrenal medulla of human subjects can be raised by feeding methionine, and so 
it becomes unlikely that methionine can benefit asthmatics by providing them with 
more adrenaline in the adrenal medulla. If some individuals have difficulty in 
methylating noradrenaline in the adrenal medulla, the limiting factor seems not 
to be the supply of methyl groups. 

The failure to observe retarded methylation in rats given thiouracil in order 
to diminish thyroid activity was unexpected. In each of the experiments the per- 
centage of adrenaline in the glands of rats treated with thiouracil was just as great 
as in control rats, or even in rats given thyroxine. It is possible that a longer period 
of thiouracil administration would have produced a different result, though the 
enlargement of the thyroid gland showed that a diminution in circulating thyroxine 
must have occurred in each experiment. The negative result at least serves to 
emphasize the positive result with methionine. 


SUMMARY 


1. If rats are given a diet deficient in methionine and choline, and after a period 
of 2 weeks are injected with sufficient insulin to produce symptoms of hypoglycaemia, 
the percentage of adrenaline in the adrenal medulla when the rats are killed 4—12 hr. 
later is less than it is in rats given the same diet supplemented with methionine. 
Whereas the mean percentage of adrenaline was 70.6 in deficient rats, it was 80.5 
in rats given the same diet supplemented by methionine. A difference in the same 
direction was observed in each of six experiments. 

2. When a similar comparison was made between rats given a normal diet and 
others given methionine in addition, the mean results did not differ significantly, 
though the mean percentage of adrenaline was again higher in the rats receiving 
methionine. 

3. The administration of thiouracil (in 0.1 per cent solution as drinking water) 
to rats for periods up to 25 days does not affect the percentage of adrenaline in 
the adrenal medulla when the rats are killed 12 hr. after injection with insulin, and 
therefore does not appear to diminish the rate of methylation of noradrenaline. 


The authors take great pleasure in expressing their thanks to Professor J. H. Burn for 
his advice and help throughout this investigation. This work was done by one of us 
(D. E. H.) during the tenure of a Fellowship awarded by the National Research Council 
of Canada, and by the other of us(R. H. O. P.) during the tenure of a grant from the Medica! 
Research Council. 
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THE THERAPY OF EXPERIMENTAL PSITTACOSIS AND 
LYMPHOGRANULOMA VENEREUM (INGUINALE) 


I. THE COMPARATIVE EFFICACY OF PENICILLIN, 
CHLORAMPHENICOL, AUREOMYCIN, AND 
TERRAMYCIN 


BY 


E. WESTON HURST, J. M. PETERS, Ano P. MELVIN 


From Imperial Chemical Industries Limited, Biological Laboratories, Hexagon House, 
Manchester, 9 


(Received September 7, 1950) 


Hurst (1948) reported the moderate therapeutic activity of nitroakridin 3582 
against psittacosis in mice and lymphogranuloma venereum in developing chick- 
embryos. Against the strain of psittacosis virus used, its action, though not 
outstanding, exceeded the just perceptible effects of ‘*‘ Sulphamezathine” and 
sulphadiazine and was less than that of penicillin. Hurst also summarized earlier 
literature relating to the treatment of the experimental diseases with sulphonamides, 
penicillin, and trypaflavin. After the article had been sent to the press, there became 
available in this country the paper of Eaton, van Allen, and Wiener (1947) describing 
the activity of several nitroacridines against organisms of the psittacosis-lympho- 
granuloma group; in these compounds substitution of Cl for NO, abolished activity. 

More recently, Eaton, Huang, and Levenson (1949) have demonstrated similar 
activity on the part of several substituted nitrobenzenes and nitrofurans. The 
compounds examined included the antibiotic chloramphenicol (‘‘ Chloromycetin ’’), 
which although the least toxic of the substances tested did not show striking therapeutic 
Superiority over other nitro-compounds. In general its activity did not seem “to 
be greater than that of penicillin or the sulfonamides”’; lymphogranuloma was 
among the viruses most susceptible to its action. Smadel and Jackson (1948) had 
previously found that chloramphenicol possesses ‘‘ about the same degree of activity 
as that displayed by penicillin and sulfadiazine.”* It was ineffective in vitro, but 
in mice it exerted a therapeutic effect against psittacosis virus given intraperitoneally 
(but not intracerebrally), even though a period of delay ensued between infection 
and treatment. In treated animals the titre of virus in the blood was lower than 
in controls. In developing eggs the antibiotic was rather more effective against 
lymphogranuloma than against psittacosis. 

Wright ef al. (1948) used another antibiotic, aureomycin, with encouraging 
results against human lymphogranuloma venereum. Wong and Cox (1948) found 








* Against the strains of virus described in this paper, a marked difference exists in the relative 
activities of the sulphonamides and of penicillin; the latter is incomparably more potent. A careful 
comparison of our own and published data suggests also that our strains of virus are more virulent 
than some of those used elsewhere in chemotherapeutic experiments. 
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that, while showing little or no virucidal effect in vitro, its therapeutic action against 
viruses of the psittacosis-lymphogranuloma group in chick-embryos and mice was 
considerable. Thus, the former were protected against large inocula of psittacosis 
virus given into the yolk-sac 30 minutes after the antibiotic. Treated mice usually 
survived intraperitoneal inoculation of psittacosis virus or intracerebral inoculation 
of lymphogranuloma virus, even though treatment was delayed after infection. 
Wagner (1949) studied experimentally the action of aureomycin on ten strains of 
virus belonging to the psittacosis-lymphogranuloma group. In the infected egg 
all strains were extremely susceptible to its action, as indicated by longer survival 
of treated embryos and, if the infecting dose were small, by the lower titre of virus 
on subinoculation. The drug also prolonged life in mice infected intracerebrally 
with five of the strains pathogenic for this species. Comparing aureomycin with 
chloramphenicol in the treatment of psittacosis in the chick-embryo, Wells and 
Finland (1949) concluded that on a molecular basis the former is five times as 
effective as the latter, on a weight basis three times. 

The observations on penicillin, chloramphenicol, aureomycin, and terramycin 
here described were made while attempting to establish increasingly exacting standards 
of competition for synthetic organic chemicals which show degrees of therapeutic 
activity against the viruses under consideration. 


Strains of virus used 


In this work we have used the following strains of virus: 

(a) A lymphogranuloma virus (GI) obtained originally from Dr. G. Rake and main- 
tained by passage through the yolk-sac of developing hens’ eggs. Each infected yolk-sac 
was shaken with glass beads and 2 c.c. saline to make a suspension which was stored briefly 
at + 2°C. Inrecording dilutions in Table I, we have considered the suspension as undiluted 
virus (10°). 

By passing this virus intracerebrally and later intraperitoneally in mice, we have twice 
obtained a virus which infects mice on intraperitoneal injection; this was used for experi- 
ments on mice. The ability to infect on intraperitoneal inoculation is not generally 
recognized as characteristic of the virus of lymphogranuloma, and indeed the present 
virus often does not do so on repeated intraperitoneal passage. Its exact antigenic behaviour 
has not yet been checked, but against several chemotherapeutic agents its behaviour is 
different from that of the psittacosis viruses in use in these laboratories. It produces 
intracellular bodies indistinguishable from those of !ymphogranuloma. 

(6) The M.O.H. 154 strain of psittacosis virus (Ps) supplied by Professor S. P. Bedson 
and maintained by intraperitoneal injection in mice. Infected spleens were kept without 
glycerol at +2° C., or more recently as suspensions in sterile skimmed milk at —70° C. 

(c) The KLG virus sént from another laboratory as a mouse-virulent lymphogranuloma 
virus. However, its immunological behaviour shows it to be more nearly related to 
psittacosis virus.* Jt was maintained in the same way as (4). 


EXPERIMENTAL RESULTS 


The therapy of lymphogranuloma in the chick-embryo 


Table I presents the results of experiments performed over a period of about 
fifteen months. Two points deserve mention. In the first place the potency of 
different samples of virus varied, but by suitably adjusting the infecting dose we 





* We are greatly indebted to Dr. C. F. Barwell for this information. 








613 









































| | | 
raul cll 4711 | : . | | - - ‘Sw ‘0 
$6 | «7 Ol a. | - Rua Eee ewe ‘BW 7'0 
i - | Bien) <1 = jsf - )— fot ct Burd 
6S1 | 6S1 | «6°01 _ | | | 7 — | = | ct ts Bur Z ursAuesseL 
—{|- 7 - |= | = o'r | pa 4 ‘Bw 01 
| = : | Or — ee ‘SW QZ suIzeIpeydins 
“a _ > or | - . | nm 
- ; | 0 sa _ | - | Bu OZ ., SUlmeZoWBYdjng ,, 
Le — 2 ' * 4 : “— i & 06 , &€ v6 | °° ‘Bw C0 
00I 001 «SOL | OOF | «96 001 yor; ool $8 001 «0 Tl OOl | 41h] °° “* “Bu | 
O11 _ : — |= 901 | +801 fell | 16, - ae oe ee ** “Bw Z UpAUOSINY 
we : | : ag ie re ce cL | OSI es , °° ‘BW S'O 
> ,  2i Ss | & 6's Lp | v8 tf | 78 , °° ‘BwoO'l 
99 | — y 2 | €S pi. | 2 LL . - ‘Sw ¢°Z joorusydwesoyyD 
~ . = | ' II ob wz | «(s'9 ez | 79 sun QOS 
Se ' - 6t ‘9 I¢ v's . = &. suUN Q0O'Z 
ve = Lz Ls | Ov 8's -— 4 1, - SHUN QOO'S UN[OIUaq 
— oy | — | ve / = | oP | OP | so | aaa JOM 
| yoyo °,| sAeq | waye 0 | sheq | aye %| skeq | jaye %, | sAVeq | aye o | skeq | Ways o | skeq 
| (IA) | (A) (Al) (1) (11) (1) JUSUROL 
uROY | — a ——— = 
| 00! UIDAWOIING “Su | JO SULID} UL JDOYO BFRyUDOINd pure sABp UI [BAIAINS JO pOollad URI; 





EXPERIMENTAL PSITTACOSIS AND LYMPHOGRANULOMA 


inst 


qUOWIIOdXS Surpuodsass05 9y} Ul UIDAWODING “Bu [ JO JD9JjO 9Y) JO sosejUSoIOd se possoidxo sue s}USWI 
-}831] SNOLIBA OY} JO [BAIAINS UO $}D0yYO SY “WOW JO 3UdS JOd OC 4 ‘POAIAINS DIOW JO yUdd JOd CZ IBY] SoyeoIpul , +: ABP [PUOTIIPpe 
QUO JOJ POAIAINS SARY O} POWdOpP sioM UONeQndUT JO ABP YIOT 9Y} UO poudsdO d19M SBF9 oy} USYM ALB SOAIQW “PopNjoxd s19M 
syeop SYyIdeds-UOU MJ SY} ‘UOTJIIJUI OF JUONbIsQNs |PAIAINS JO poLod URdW 9Y} SUNBWISS UT “(fOoTUSYdUTBIO] YD) [OA|3 sud]Adoid 
JO ‘(soprumeuoydyns) Juse Suissodsip ‘19}eM Ul FNup JO JUNOWL PdjR}S SY} JO IOPBM “9°D C7'Q POAIOIOI SOAIQWIO ZZ-6| JO Yeo sdnols 
*“J9}R] SINOY OMT “SOAIQWIO ABP-g JO SPS-YJOA SY} OJU! PozE[NIOU! sem (9]dWeS IEjNINIed B JO AIAN 9Y} O} FUIPIONL »-O]—g-O]) SMIIA 


OAUYEWA-AOIHO FHL NI 
VWOTANVYDOHdWAT LISNIVOV NIDAWVUYAL GNV ‘NIDAWOFUNV “TOOINSJHAWVUOTHO ‘NITTIOINAd “SAGINVNOHATNS JO AOVOISAT JALLVUVANOD 








I ATHVL 
3.2 ys — == e 
c= = co = 2>cov gZ qe 9 Long eo) oe he ee i -— ; 
>f— 06 ~°-MS SSeze% v5 Ege’ do O8TDHes=- 56 ESVYES Ss o 





614 E. WESTON HURST, J. M. PETERS, and P. MELVIN 


obtained very regular periods of survival in individual untreated embryos, except 
in Exp. v, when we greatly overestimated the activity of the virus. Thus, in the third 
and fourth tests all the embryos died on the 4th day, in the first test late on the 
3rd day or on the 4th day, and in the second and sixth tests on the 4th or Sth days. 
Secondly, at different times of year the response of the embryos to treatment was 
not the same. At times when the fertility of the eggs was high, as in Tests (i) and 
(ii), a given dose of any antibiotic had a greater therapeutic effect than at times 
when fertility was low, as in Tests (iii)-(vi). We have noticed similar behaviour 
on many occasions, not only when using eggs in chemotherapeutic tests but also 
when grafting tumours. Because of this seasonal variability, we have in Table | 
set out the increase in the mean period of survival resulting from each treatment 
as a percentage of that resulting from a standard treatment. The effect of | mg. 
aureomycin suggests itself as the most suitable present standard. 

Aureomycin had the greatest effect of any of the older antibiotics; usually, 
several or many of the embryos treated with it were living when opened on the 
day before they were due to hatch. A dose of 2 mg. was only slightly superior 
to one of 1 mg.; lower doses were greatly inferior, and appreciably higher doses 
toxic. Terramycin (obtained only recently through the courtesy of Messrs. Chas. 
Pfizer & Co., Inc.) appeared, in limited tests, to be superior to aureomycin when 
given in comparable doses and to preserve its activity when the dose was diminished. 
Chloramphenicol at the largest dose given came next in order of therapeutic activity; 
still larger doses (in propylene glycol) were toxic. Penicillin took fourth place, and 
probably no advantage accrued from giving a dose greater than 2,000 units/egg; 
doses larger than 5,000 units kill many eggs. 

For comparative purposes, in one experiment we included treatments with 
** Sulphamezathine’’’ and sulphadiazine: although on this occasion they failed 
completely to influence the infection, we have sometimes obtained a trivial prolonga- 
tion of life in embryos treated with lower doses (5 mg. and 2.5 mg.) than those 
shown in Table I. 


The therapy of psittacosis and lymphogranuloma in the mouse 


The following experiments are representative of a much larger number made 
over the past two years. The work began before chloramphenicol and aureomycin 
became relatively freely available, and terramycin has arrived upon the scene still 
more recently; in consequence direct comparison of all the antibiotics has not 
been made in any single experiment. 

Groups of randomized mice (20 g. + 1 g.) received intraperitoneally very large 
doses of virus (10*-10° LD5O), and treatment was often delayed for several days after 
infection. We administered the antibiotics by a route other than that used for virus 
and observed the mice for a minimum of 35 and a maximum of 50 days. Observers 
elsewhere have often contented themselves with periods of observation much shorter 
than this. As we have previously shown (Hurst, 1948), however, on occasion 
animals may relapse and die apparently of the viral infection long after therapy has 
ceased; all our subsequent experience has emphasized the need for prolonged 
observation in order to avoid unduly favourable conclusions. This is, perhaps, 
especially the case with chloramphenicol. Thus in Test 1 of Table III, only 6 deaths 
had occurred by the 21st day among the animals treated with this drug, but between 
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the 22nd and 39th days 18 further mice died. We have made similar observations 
on many occasions. 

Table II shows the results obtained with the two strains of psittacosis virus. 
As Tests 1 and 2 indicate, we found that a massive dose of 30,000 units of procaine- 
penicillin* given once every three days had greater protective action than did the 
smaller and more frequent watery injections used in our previous work. The data 
of Test 4 (and of Test 2 in Table III) suggest that this enhanced action is partly or 
largely due to the higher total dosage, since doses of procaine-penicillin comparable 
with those used for watery injections had distinctly less curative power than did the 
higher doses. In Test 1, the larger dose of procaine-penicillin was much less 
successful than aureomycin was in doses of 2 mg., and about equal in activity to 
half this dosage of aureomycin. Test 3 demonstrates the remarkable therapeutic 
properties of aureomycin even when administration is delayed for 72 hours after 
infection; under the conditions of this experiment, it proved far more active than 
chloramphenicol in doses of | mg. Test 4, in which a very large dose of virus 
killed animals from the third day onwards, reveals an appreciable curative effect 
of both procaine-penicillin and aureomycin in animals which were not actually 
moribund at the time when treatment started. Test 5 suggests that aureomycin 
may be slightly more active than an equal amount of terramycin, but, as will be 
seen shortly, in a similar test with lymphogranuloma the reverse appeared to be 
the case. 

Table III presents the results of tests with lymphogranuloma virus leading to 
much the same conclusions. The larger dose of procaine-penicillin proved inferior 
to one of 2 mg. aureomycin, and this in turn to one of 5 mg. aureomycin. Even 
in a dose of 2 mg., chloramphenicol was less effective than the larger dose of 
procaine-penicillin, and much less so than 2 mg. aureomycin. Terramycin now 
appeared as possibly more active than aureomycin; in Test 6 both drugs showed 
considerable activity even at greatly reduced dosage. 

These conclusions, suggested by a general survey of Tables II and III, are 
perhaps more clearly appreciated from Table IV, in which the reduced mortality 
from each treatment is expressed as a percentage of that due to aureomycin in the 
same experiment. Although the figures from experiments conducted at different 
times and under different experimental conditions cannot be expected to agree 
closely, there is nothing to suggest a material difference according to whether psitta- 
cosis or lymphogranuloma is under treatment. It seems permissible where possible, 
therefore, to calculate the mean effects of the various treatments. This confirms 
the clinical impression, formed during the experiments, that in the mouse aureomycin 
and terramycin are very similar in their therapeutic effects, that massive doses of 
procaine-penicillin have a lesser effect, and that chloramphenicol runs a poor fourth 
in the treatment of these viral infections. Once more we should emphasize that 
chloramphenicol would occupy a very much more favourable position if the period 
of observation were restricted to, say, 21 days instead of continuing for 35-50 days 
as in the present work. 

One further point emerges from the data of Tests | and 4 in Table III. In two 
experiments here detailed and confirmed by others not presented, combined treatment 


* Procaine hydrochloride, 14 per cent (w/v); aluminium monostearate, 2 per cent (w/v). 
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TABLE IV 


COMPARATIVE EFFICACY OF ANTIBIOTICS AGAINST PSITTACOSIS AND LYMPHOGRANULOMA IN 
THE MOUSE 


The reduced mortalities following various treatments shown in Tables II and III are here 
expressed as percentages of the effect of 2 mg. aureomycin in the corresponding experiment. 
In Test 4 of Table II allowance has been made for deaths which occurred before treatment 





began 
Percentage effect (aureomycin 2 mg. — 100) 
Mean 
Treatment Psittacosis test Lymphogranulome test effect 
1 3 4 5 I 2 3 | 4 | § 
Procaine- penicillin: 
30,000 units .. i 70 — 123 . 46 95 56 . 78 
6,000 units .. - . 69 . 42 56 
Chloramphenicol, 2 mg. 4 ; 2 44 25 
1 mg. 21 . aa 1 
Aureomycin, 5 mg. Y - - 116 :, 116 
1 mg. te 70 100 - 74 81 
Terramycin, 2 mg. 3 96 100 98 
| mg. - 92 9% 94 





with procaine-penicillin and aureomycin did not lead to better results than treatment 
with aureomycin alone; usually, indeed, the mortality among animals under com- 
bined treatment was greater than among those receiving aureomycin alone, and 
on occasion even greater than among those receiving procaine-penicillin alone. 


The relatively favourable results of therapy with procaine-penicillin obtain only 
when virus is administered intraperitoneally. If it be given by the intranasal route 
the proportion of mice surviving therapy is smaller, and when virus is introduced 
into the brain the results are very poor; it is known, of course, that penicillin does 
not readily traverse the blood-brain barrier. On the contrary, aureomycin is equally 
effective whatever the route of entry of virus. These facts are evident from the 
data in Table V. 


TABLE V 
INFLUENCE OF THE ROUTE OF INOCULATION OF VIRUS ON THE RESULTS OF THERAPY WITH 
PROCAINE-PENICILLIN AND AUREOMYCIN 


LGI virus in a dilution of 10-* was given by various routes and treatment begun 24 hours 
later. Dosing continued for 12 days and survivors were killed on the 45th day. The 
figures in parentheses are the mean periods of survival of fatal cases in days 





Mortalities in groups of 20 mice 


Treatment Route of inoculation of virus 
Intracerebral | Intranasal “Intraperitoneal 
None. | 205.2) 1913.5) | 15 (6.3) 
Procaine- -penicillin, “30, 000 units subcut. every | 
third day .. et 15 (6.5) 9(22.2) | : (27.4 


Aureomycin 2 mg. /20 g. orally twice daily oe | 0 | 1 (35.0 1 (32.0 
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TABLE VI 


PSITTACOSIS VIRUS. DAILY TITRES IN THE SPLEENS OF MICE TREATED OR UNTREATED WITH 
ANTIBIOTICS 


Virus was inoculated intraperitoneally. At the times stated, the pooled spleens of 6 mice 

were titrated and the dilution of virus giving 40 per cent end-points in the passage mice 

was derived using the method given in the text. The log, dilutions are given below as 
positive quantities. N.V. = No virus detected 



































| i 
Infecting | | Days after infection 
dilutions Treatment | — = |—_—— — 
of virus 8 | | 2; 3 4 7 | 10 
10> |None at | 34 | 43 | 60 | 71 | 48 | al 
| dead 
Aureomycin, | mg./20g. | 4hr. before virus! N.V.| 0.4 | 0.1 0.8 | N.V.| N.V. 
orally twice daily | | | 
, sities ainncecstensaneaiatet — _ = | | 
10-* | None | — | 3.1 | 50 | 60 | 69 | 65 | 
Aureomycin, 2 mg./20g. | 4 hr. after virus | N.V.| N.V.| 1.5 0.2 | N.V. | 
| as above | 
| Aureomycin, 0.5 mg./ s | N.V.| 1.0 2.8 | 1.8 | 2.2 | 
20 g. as above | | | 
10? | None — . 44) 61/72/65 | 31 | 
Aureomycin, | mg./20g. | 4 hr. after virus | N.V.| 3.2 | 2.0 | 2.2 | 08 | 
as above | | 
Procaine-penicillin, - 2.9 te 40 | 3.5 | 0.5 | 
30,000 units/20 g. sub- | 
cut. every third day | 
10° None | ws 24 | 37 |53 | 68 | 52] 
Procaine-penicillin, | 4hr. before virus) N.V.| 0.8 | 1.5 | 16 | N.V 
30,000 units as above 
Chloramphenicol, | mg.; | N.V.| 3.5 | 3.5 | 6.6 | 6.7 
20 g. subcut. twice | l | 
daily | ee 
10-* | None — we as | 41!59/157 152 | ~ 
Chloramphenicol, 2 mg./ | 4 hr. before virus) N.V.| 3.5 2.8 | 4.7 5.2 
| 





20 g. as above 





Curves of growth of psittacosis virus in the presence of antibiotics 

Daily titration of psittacosis virus in the pooled spleens of groups of 6 treated 
and 6 untreated mice afforded confirmatory evidence of the relative potency of the 
various antibiotics (Table VI). Almost complete suppression of growth appeared 
to follow dosing with 1 mg. aureomycin begun 4 hours before infection. Begun 
4 hours after infection, doses of 2 mg. markedly and doses of 1 and 0.5 mg. con- 
siderably diminished viral multiplication. While not quite as effective as aureomycin, 
massive doses of procaine-penicillin were also highly inhibitory especially when 
begun prior to infection. Once more, chloramphenicol occupied the least favourable 
position; indeed, at the doses given in this work it seemed only to retard the virus 
jn attaining the same ultimate titre as in controls. 


Method of computing end-points.—On the advice of our colleague, Dr. O. L. 
Davies, we do not employ the commonly used method of Reed and Muench (1938) 
in calculating end-points of virus titrations. The following graphic method gives 
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at least as accurate estimates, and at the same time allows ready comparison of a 
series of curves for individual irregularity due to experimental error. 

Serial dilutions at logarithmic or, more often, at half logarithmic intervals are 
prepared from 10 per cent suspensions of the infected tissue. They are injected 
intraperitoneally into groups each of 6 randomized mice (20 g. + 1 g.) of a single 
stock. As soon as mice begin to show symptoms they are marked. The days of 
death in fatal infections are recorded. Survivors which have shown no sign of 
illness are given a number exceeding by unity the last day of frequent specific deaths; 
occasional very late specific deaths also receive this score. Occasional survivors 
which have passed through a non-fatal infection receive a score half-way between 
the maximum and the average for fatal infections within their group. The total 
score for each group of 6 mice is then plotted against the logarithm of the dilution 
and a smooth curve fitted by eye. We are guided in determining the probable shape 
of doubtful curves by “ ideal curves ’” drawn every six months or so from the results 
of 3-6 replicate titrations, within 2 single day, of the stock virus. From the curves 
so plotted we choose an end-point necessitating the least amount of extrapolation. 
In the above work the end-point chosen was four-tenths of the distance between 
maximum and minimum possible scores (40 per cent end-point). 


The persistence of virus in clinically recovered mice 


Although several chemotherapeutic substances enable a proportion of animals 
to withstand infection with psittacosis or lymphogranuloma, none is known which 
certainly eradicates virus from the host. We considered it important, therefore, 
to investigate from this point of view the newer remedies dealt with in this paper. 
At first we tested the pooled spleens of survivors on the 35th—S0th days after infection; 
the mice had been treated for 12 or 18 days. Invariably the passage animals 
developed disease, though often after a period of incubation much longer than 
usual. As the latter observation could be explained by (a) the survival of “* attenu- 
ated ’’ or, alternatively, of partially masked virus, (5) the persistence of only small 
amounts of virus, or (c) the persistence of virus in only some animals, we examined 
large numbers of individual spleens by passing a 10 per cent suspension of each 
intraperitoneally into 3 mice. Individual spleens varied considerably in size, some 
appearing normal and others greatly enlarged; no correlation existed between the 
size of the organ and the results of passage summarized in Table VII. 

Of the few surviving control mice, only about 50 per cent carried virus; it was 
impossible to say whether or not the negative spleens belonged to exceptionally 
resistant animals which had escaped infection in spite of the heavy inoculum of 
virus (10°-10° LDS0). Among the much larger numbers of treated mice surviving, 
differences in carrier-rate existed according to the antibiotic used for treatment. 
Thus both the figures for individual experiments and the crude overall percentage 
carrier-rate show that, although fewer animals lived after treatment with procaine- 
penicillin than with aureomycin, the penicillin-treated survivors were far less prone 
to carry virus. This selective carrier-rate can, of course, be explained if the more 
susceptible mice are the ones most likely to remain carriers, and if the more efficient 
aureomycin protects nearly all animals while penicillin allows the more susceptible 
to die. In four experiments, the detailed figures suggested that this was not the 
whole explanation; by considering additional animals dying in the penicillin-treated 
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as compared with the aureomycin-treated groups as carriers of virus, and then 
calculating a percentage carrier-rate on the assumption that all had survived, we 
found the percentages so adjusted to be 46 per cent for penicillin as against 66.6 per 
cent for aureomycin on a total of 78 survivors, actual or estimated, in each group. 
For the other antibiotics, the limited evidence available was insufficient to prove 
that terramycin gives an appreciably higher carrier-rate than aureomycin, but 
chloramphenicol once more emerged as the compound least effective against virus. 
As with the data for mortality already considered, a combination of procaine- 
penicillin and aureomycin did not afford results superior to those produced by the 
more effective single agent, in this case penicillin. 


Continuing the analysis of the figures detailed in Table VII, we found no evidence 
of material differences in carrier-rate according to the virus undertreatment. With 
penicillin and aureomycin, however, the time relative to injection of virus at which 
treatment was begun seemed to be important; with both drugs, survivors of animals 
treated 4 hours before infection showed a higher carrier-rate than did those not 
treated for 24 hours or more after infection. In the latter groups the proportion 
of mice surviving was lower, so that, again, removal of the more susceptible mice 
from groups in which treatment was delayed might explain the difference. Unfor- 
tunately, in only one instance were observations on the effect of different times of 
starting treatment contained within a single experiment, and calculations of the 
type used above are open to greater error. However, such calculations as we have 
been able to make suggest that removal of the more susceptible mice when treatment 
is delayed may well be the determining factor of this difference in carrier-rates. 
This tentative conclusion may serve as a guide to further experiment; an alternative 
possible explanation of the difference would be in terms of the greater antigenic 
stimulus provided by virus which had multiplied unhindered for 24-72 hours. 


In an attempt to determine whether treatment with an antibiotic given after the 
peak of infection has passed can influence the carrier-rate, we infected 200 mice 
with psittacosis (10? LDSO) virus. Three weeks later 36 survivors, divided into 
groups of 12, were left untreated or were given procaine-penicillin (5 x 30,000 units 
every third day) or aureomycin (2 mg. twice daily for 13 days). Four of the controls, 
five penicillin-treated and two aureomycin-treated mice died after treatment was 
begun. On the 45th day after infection, four of eight controls, one of seven peni- 
cillin-treated and one of ten aureomycin-treated animals showed virus in the spleen. 
These differences are not statistically significant, though the combined trend for 
penicillin and aureomycin is suggestive of some effect on the virus. 


By these passages of individual spleens from treated animals, we proved that 
some mice clinically recovered from psittacosis or lymphogranuloma do not harbour 
residual virus; thus, included in a pool, their spleens would tend to diminish the 
activity of the rest (see hypothesis (c) above). Even with single virus-positive spleens, 
however, great variations exist in the time taken to evoke disease in fresh animals; 
often, therefore, the virus in them must be either “‘ attenuated ”’ or partially masked, 
or it must be present only in small amount. Because of the small size of many 
spleens, we have not yet attempted to titrate the virus present in individual organs. 
On the other hand, we have as yet obtained no indication-that virus recovered from 
treated animals 35-50 days after infection is in any way altered from the original. 
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The recovery of virus on the 35th—50th day from the majority of mice treated with 
repeated doses of 2 mg. aureomycin, even when treatment started 4 hours before 
the animals were infected, conflicts at first sight with the striking suppression of 
viral growth revealed by daily titrations (Table VI). We must conclude that, despite 
the negative results of titration on certain days, in animals under treatment the 
virus survives in small amount or in inapparent form and multiplies to some extent 
after dosing has ceased. It may be imagined, perhaps, that some degree of immunity 
has been engendered during the period of treatment, and that this later multiplication 
of virus is usually restricted; the absence of any appreciable immunity may permit 
unrestricted growth of virus and be responsible for the late deaths (referred to as 
‘‘ relapses’ in a previous paper) commented on earlier in this article. Two sets 
of observations bear upon these points. 

Groups of 30 mice infected with a large dose (10° LDSO) of psittacosis virus 
were treated with aureomycin (2 mg. twice daily) for 13 days. On the 14th day 
half the survivors were killed and their pooled spleens passed to fresh mice. Sur- 
vivors of the remaining half were similarly treated on the 40th day. In two experi- 
ments, the pooled spleens of 14 and 10 mice on the 14th day killed respectively 
10 and 2 of 12 passage mice in mean times of 9.7 and 12.0 days; 12 and 10 spleens 
on the 40th day killed 12 and 9 of 12 passage mice in mean times of 6.5 and 10.8 days. 
The spleens taken on the 40th day, therefore, apparently contained more virus than 
did those harvested soon after treatment ceased. 

On two occasions, the pooled spleens of animals under treatment with 2 mg.. 
aureomycin twice daily for 4 days failed to produce apparent illness within 21 days 
of passage to fresh mice. However, when the spleens of the first-passage mice were 
passed to others, psittacosis developed after a rather lengthy period of incubation. 
This observation suggests that, while under treatment with large doses of aureomycin, 
virus may persist in an “‘ attenuated” form incapable of inducing overt disease at 
the first passage, rather than that it merely persists in very small amounts. That 
the failure of treated virus to produce overt disease is probably not due to the 
presence in the splenic suspensions of aureomycin (or a metabolite) was shown in 
tests in which normal animals were dosed twice daily for 343 days with 2 or 5 mg. 
aureomycin, and their blood and spleens collected a few hours after the last dose. 
The blood or a splenic suspension was then mixed with a 10 LDSO psittacosis virus, 
and the mixture inoculated immediately into mice. The blood had no effect as 
compared with the blood of undosed mice. In one of two experiments the splenic 
suspension produced some lengthening of the incubation period as compared with 
undosed spleen, but all the mice inoculated developed typical psittacosis. 


SUMMARY AND CONCLUSIONS 


This paper compares the therapeutic activity of penicillin, chloramphenicol, 
aureomycin, and terramycin against psittacosis in the mouse and lymphogranuloma 
venereum in the mouse and chick-embryo. 

In the chick-embryo both terramycin and aureomycin were highly active, the 
former more so. Chloramphenicol took third place and penicillin (in water) fourth 
in order of activity. 

In the mouse infected intraperitoneally, aureomycin and terramycin were very 
highly and nearly equally active, massive doses of procaine-penicillin less active, 
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and chloramphenicol only indifferently active. This conclusion followed whether 
the criterion of activity was diminished mortality or actual daily measurement of 
the growth of virus in treated mice. A combination of aureomycin and procaine- 
penicillin gave results inferior to those obtained with aureomycin alone, or even 
inferior to those with penicillin alone. The experimental conditions in this work 
were often very severe, in that large infecting doses of virus were allowed a substantial 
part of the normal period of incubation for unhindered multiplication before 
treatment began. 

Aureomycin was equally active whether virus was introduced intraperitoneally, 
intranasally, or intracerebrally, but procaine-penicillin gave its best results only 
with the first route of inoculation. 

Many animals recovering as the result of 12 or 18 days’ treatment, and appearing 
clinically normal on the 35th-50th day, carried active virus in the spleen. The 
carrier-rate varied according to the antibiotic used. With procaine-penicillin it 
averaged from about 13 to about 30 per cent, with aureomycin from about 60 to 
nearly 100 per cent. With terramycin it was about 80 per cent and with chlor- 
amphenicol nearly 100 per cent. With penicillin and aureomycin the lower figures 
were those for animals in which treatment had started some time after inoculation 
of virus, the larger figures for those in which treatment began before inoculation 
of virus. The difference in carrier-rate according to when treatment started, and 
some at least of the difference in this respect between aureomycin and penicillin, 
was possibly due to the elimination by death of the more susceptible animals from 
the groups with the lower carrier-rate.* 

Although treatment with suitable doses of aureomycin almost completely 
suppressed the growth of virus in the mouse, after treatment had ceased a limited 
growth of virus occurred. That in most animals this subsequent multiplication was 
not unrestricted was presumably due to a mechanism, for example of immunity, 
not present in the untreated animal. In the period of apparent suppression by 
aureomycin, virus might be present in a form which while failing to produce overt 
disease in fresh mice at the first passage did so on continued passage. 

In estimating the effect of therapeutic agents in psittacosis and lymphogranuloma, 
considerable importance is attached to the period of observation of treated animals. 
In the present work this period was never less than 35 days and often extended to 
50 days. If the period of observation be limited to 21 days, unduly favourable 
opinions may be formed, especially of chloramphenicol after treatment with which 
most of the deaths occur between the 21st and 40th days. 
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~ * Note added in proof. Since this was written Quan, Meyer, and Eddie (J. infect. Dis., 1950, 
86, 132) have reported their inability to reduce the carrier-rate of psittacosis virus in parakeets 
with aureomycin or penicillin. 
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Two enzymes are known which catalyse the oxidative deamination of aliphatic 
amines. One of these was discovered by Hare (1928) in a study of tyramine meta- 
bolism; this enzyme is now usually called amine oxidase. The other enzyme is 
histaminase (Best and McHenry, 1930). 

Until 1945 the first of these enzymes was also sometimes called “‘ monoamine 
oxidase,’ as it was thought that it acted only on monoamines, whereas the term 
‘diamine oxidase’ was introduced for histaminase when it was found that this 
enzyme acted on diamines like putrescine and cadaverine (Zeller, 1938); this has 
since been confirmed on more purified preparations (Kapeller-Adler, 1949). 

In 1945 it was shown that three straight-chain diamines, H.N(CH.,),,NH2, 
H.,N(CH.),.NH., and H,N(CH.),,NH., were not oxidized by ‘‘ diamine oxidase,”’ 
but that they were substrates of amine oxidase (Blaschko and Duthie, 1945). This 
observation suggested that the affinity of diamines for the two enzymes was deter- ° 
mined by the length of the polymethylene chain separating the two amino groups. 
A more systematic study of the enzymic oxidation of the diamines of the series 
H.N(CH.),.NH, has therefore been made, and the results of this study are described 
in this paper. 


MATERIAL AND METHODS 


Enzymic preparations.—The work on amine oxidase has been greatly helped by an 
observation made with Mrs. I. Wajda in 1945 that the enzymic activity of the tissues is 
not impaired by treatment with ice-cold acetone. Since that time, most of our experiments 
have been carried out with acetone-dried powders. One of the advantages of the method 
is that it is easy to obtain batches of material with known and stable enzymic activities. 
Moreover, the total enzymic activity resides in the insoluble particles; the preparations 
can therefore be washed repeatedly with 0.067 M-sodium phosphate buffer and centrifuged. 
The washings do not have any enzymic activity. This treatment considerably reduces 
the oxygen consumption of the enzyme blank. In the present experiments, rabbit liver 
was used. The powder was suspended in phosphate buffer and centrifuged. The super- 
natant was discarded and fresh phosphate buffer added. This procedure was repeated 
twice. The preparation of amine oxidase from pig’s kidney used in a few experiments 
will be described in the experimental part of the paper. 

The preparation of histaminase from pig’s kidney did not essentially differ from that 
employed by Blaschko and Duthie (1945), except that a Waring blender was used to 
produce a more thorough and rapid mixing of tissue and acetone. 
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Substrates —Hexamethylenediamine dihydrochloride was recrystallized from a com- 
mercial specimen. All the other diamines, also as dihydrochlorides, were kindly given 
to us by Dr. H. King, F.R.S., and Dr. E. J. Zaimis. 


Manometric procedure.—All experiments were carried out in conical Warburg flasks 
with one side bulb and an inner potash cylinder; the latter carried a filter paper and 0.3 ml. 
N-KOH. The gas phase was oxygen and the temperature of the bath 37°. 





OBSERVATIONS ON AMINE OXIDASE 


Chain length and oxidation rate 


Amine oxidase of rabbit liver.—In these experiments a suspension of either 40 or 
80 mg. rabbit liver powder in 1.6 ml. sodium phosphate buffer was present in each 
flask. The side arms contained 0.4 ml. of a 0.05 M-diamine dihydrochloride solution 
so that the initial substrate concentration was 0.01 M. Readings were taken at 
5-minute intervals for half an hour, and the 0-15 minute readings were used for com- 
paring the rates of oxygen uptake with the different substrates. In each experiment 
one flask contained the diamine with eleven carbon atoms, undecamethylene diamine. 
This substance served as a basis of comparison. 


TABLE I 


OXIDATION OF DIAMINES HgN(CH»),NHg BY AN ACETONE-DRIED PREPARATION OF RABBIT LIVER 
(AMINE OXIDASE) 





Oxygen uptake as per cent of that with C,, diamine 


Exp. | ~ : 
C, C; Cs Cy Cro C,,7 Cie Ci; Ci Cis 

| 25 60 | 100(10) | 105 | 175 
2 41 65 100 (8) | 94 112) —- 
3 | 100(10) | 160 150 175 
4 100(13) 111, 19393 
5 100 (10) 195 165 
6 100 (16) 145 | 122 
7* 9 | 39 44 39 100 (9) 
g* 4 | 18 | 27 | 32 100(11) | , 
Oe oak a 100(33) | 159 | 142. 184 | 121 
“ae _ | 100330) | 160 | 160 | 165 | 145 
We. wt. 2isi« / 100 (18) 
Average ..| 5 | 37 | 38 | 34 | 62 | 100(15) | 131 | 153 | 146 | 133 





* The exp2riments marked with an asterisk were carried out with 80 mg. of the liver powder in each flask; in all the 
other experiments the amount of liver powder was 40 mg. ; 
+ The figures in parentheses are ul. O, consumed in the first 15 minutes. 


Table I gives the results of all the experiments. In each single experiment the 
amount of oxygen taken up in the flask with the C,, compound is given as 100; 
the figures given in parentheses are the wl. of O, consumed by 40 mg. of powder 
in 15 minutes. The oxygen consumptions with the other diamines are given as 
per cent of those with undecamethylenediamine. 

The Table shows a close relation between the rate of oxidation and the number 
of methylene groups in the chain. The rate of oxidation increased with increasing 
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chain length up to the compound with thirteen carbon atoms; on increasing the 
chain length even further the rate of oxidation declined. The C, compound was 
not significantly oxidized; the figures for oxygen uptake with the C,, C,, and C, 
compounds are small, but outside the limits of experimental error. 


Amine oxidase of pig kidney.—In a later section of this paper our experiments 
with preparations of histaminase from pig’s kidney will be reported. It seemed 
of interest to find out if the lower end of the specificity range of the amine oxidase 
in pig’s kidney was similar to that found for the amine oxidase of rabbit’s liver. 

In these experiments it was essential to find a preparation in which histaminase 
activity did not contribute to the oxygen consumption. The following procedure 
was adopted: 100 ml. of phosphate buffer were added to 0.5 g. of the acetone-dried 
powder of pig’s kidney; the suspension was frequently stirred and eventually the 
supernatant fluid was decanted and discarded. This treatment of the sediment 
with phosphate buffer was repeated four times; the last time the suspension was 
allowed to stand overnight at +2°. The sediment was then suspended in 9 ml. 
phosphate buffer. This final suspension was used in the experiment. The mano- 
meter flasks were filled as follows: the main compartment contained 1.4 ml. of the 
suspension and 0.2 ml. 0.1 M-semicarbazide; the side arm contained 0.4 ml. water 
in the flask which served as enzyme blank, and 0.4 ml. 0.5 M-diamine dihvdrochloride 
in the other flasks. 

This procedure was adopted because most of the histaminase is eluted from 
the sediment by the phosphate buffer and any remaining histaminase activity is 
inhibited by semicarbazide. 

The diamines tested with the pig kidney preparation were those with 6, 7, 8, 
and 11 CH.-groups. Table II, which gives the results of two such experiments, 
shows that the C,;, Cs, and C,, diamines were oxidized. The relative rates of 
oxidation were similar to those found with rabbit liver. The absence of any signi- 
ficant oxygen uptake with the C, diamine proves that histaminase did not contribute 
to the oxidation of the other diamines. 


TABLE II 
OXIDATION OF DIAMINES BY WASHED SUSPENSIONS OF PIG’S KIDNEY POWDER 





| 
Oxygen uptake as per cent of that with C,, diamine 








Mi’ - bebe pan otbie | — 

C, C, Cs C,:* 
, Chee 6.5 35 | 69 100 (16) 
>. — ao 7.0 | 28 | 31 | 100 (14.5) 





* The figures in parentheses are O, uptake in “l. O,/15 minutes. 


Competition of diamines for amine oxidase 


The experiments on substrate specificity for amine oxidase were supplemented 
by observations which suggest that parallel to the increase in oxidation rate with 
increasing chain length there occurs an increase in the affinity for the enzyme. 
This is illustrated by the two experiments shown in Fig. 1. We have chosen nona- 
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methylene diamine as a representative of a relatively poor substrate and trideca- 
methylene diamine which shows the highest rate of oxidation in this series. 

In these experiments each flask contained a suspension of 30 mg. of rabbit liver 
powder in 1.4 ml. sodium phosphate buffer plus 0.2 ml. 0.1 M-semicarbazide. The 
semicarbazide was added in order to exclude oxygen uptake due to the further 
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FiG. 1.—Rabbit liver powder (amine oxidase). Mixed substrate experiments. (A) Curve a: 
oxygen uptake with 0.01 M-isoamylamine; curve b : oxygen uptake with 0.01 m-nonamethylene 
diamine; curve c : oxygen uptake with both amines present. (B) Curve d: oxygen uptake 
with 0.01 M-isoamylamine; curve ¢: oxygen uptake with 0.01 M-tridecamethylene diamine; 
curve f: oxygen uptake with both amines present. 


oxidation of the aldehyde formed in the enzymic reaction (Bhagvat, Blaschko, and 
Richter, 1939). The side bulbs contained isoamylamine and/or the diamine to be 
investigated. The initial concentration of the amines after tipping was 0.01 M. 
In Fig. 1 the oxygen uptake is plotted against time. In the experiment of Fig. 1A 
the rate of oxygen uptake in the presence of both isoamylamine and the C, diamine 
was about intermediate between the rate with either substance alone. With iso- 
amylamine and the C,, diamine, however (Fig. 1B), the rate of oxygen uptake was 
practically determined by the C,, diamine. This indicates that tridecamethylene 
diamine had a much higher affinity for amine oxidase than isoamylamine. 
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OBSERVATIONS ON HISTAMINASE 


Diamines as substrates of histaminase 


In these experiments each flask contained 1.6 ml. of the extract of pig kidney 
powder equivalent to 160 mg. of powder; the side arm carried 0.2 ml. 0.05 M-diamine 
dihydrochloride and 0.2 ml. water. Readings were taken every five minutes for 
30 minutes; the experimental figures given are based on the oxygen uptake 
during the first 15 minutes. Hexamethylene diamine was used as a standard of 
comparison-in these experiments. In Table III results are given as per cent of the 
rate of oxidation of hexamethylene diamine. The average amount of oxygen 
consumed during 15 minutes with this substance was 20 ul. O,. With the extracts 
of pig’s kidney the blank oxygen consumption is greater, and a reading of 2 ul. 
O, consumed—that is, 10 per cent of the rate of oxidation of hexamethylene 
diamine—is scarcely outside the limits of experimental error. 


TABLE III 
OXIDATION OF DIAMINES H,N(CH2),NHz BY AN_EXTRACT OF PIG KIDNEY (HISTAMINASE) 





Oxygen uptake as per cent of that with hexamethylene diamine 


Exp. 


C, Cs C,* GCG Cs Cs Cio | Cu Cie Gis | Cus 
| | 

162 176 | 100(21) 103 | 31 . . fia | a | me 
2 175 172 100 (18) 100 | 53) — ee ee ee 
3 100 (20) ae 33 | 25 5 | 15 ~— | — _ 
4 100 (18.5) | 13 22 2 os 
5 100 (20) Es win . 10 12, | 10 
6 134 100 (29) 90 | 8 ee a es ee 
7 127 100 (25.5) eiwi—_—i{i-=— -j—aia—f— 
8 100 (27.5) _ ;, 16 ‘ ~ bmn fe Fee 
9 100 (9) : . : 11 |. O - Ed. ame 
10 | 100 (20.5) —|— 5 | 0 oi | = 
1 | 100(19.5) | — | — 0 2 St we | iw 
Average | 168 152 100 (21) 98 29 13 11 10 3 12 | 10 





* The figures in parentheses are “1. O, consumed in the first 15 minutes. 


In the series of substances examined, the rate of oxidation was highest with 
putrescine; the rate for the higher members of this series was progressively less; 
with the diamines with 10 to 14 CH.-groups it was probably within the limits of 
experimental error. 


Competition experiments 


It has already been shown (Blaschko and Duthie, 1945) that the long-chain 
diamines with 14 and 16 CH.-groups, although not oxidized by histaminase, are 
not without affinity for the enzyme; they act as inhibitors. The same is true for 
the lower members of the series; we have made one experiment in which the influence 
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of the C, and the C,, diamines on the rate of oxidation with cadaverine was studied. 
The oxygen uptake in the 5-35 minute interval was: 


with cadaverine alone te e oa re ae va 78.5 ul. 
,, nonamethylene diamine alone i ‘s ei a 4.5 wl. 
,, tridecamethylene diamine alone ce es = i“ 1.5 ul. 
,, nonamethylene diamine plus cadaverine 4 oa 55 ul. 
,, tridecamethylene diamine plus cadaverine .. “ + 45 ul. 


The oxygen consumption in the enzyme blank was 13.5 ul. O. in the same period : 
it has been subtracted. 


DISCUSSION 


The observations reported in this paper show clearly that in the homologous 
series H.N(CH.),NH, substrate specificity is determined by the length of the 
polymethylene chain which separates the two amino groups. Histaminase acts on 
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Relative rate of oxidation 
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n 1 5 6 7 8 9 ti) ll 12 3 11 15 16 i8 
FiG. 2.—Oxidation of the polymethylene diamines H,N(CH.,),NH, by histaminase and by amine 
oxidase. Abscissae: number ” of CH,-groups; ordinates: relative rate of oxidation in 
arbitrary units (see text). The results obtained by Blaschko and Duthie (1945) with the C,, 
and C,, diamines are represented by the dotted line. 


the short-chain compounds. Amine oxidase acts on the longer members of the 
series, the optimum chain length being at n = 13. The result of this study of 
specificity is summarized in Fig. 2, in which the rates of oxidation with the two 
enzymes are plotted against chain length. The results with the C,, and C,, diamines 
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obtained with a different preparation of amine oxidase from rabbit liver (Blaschko 
and Duthie, 1945) have been included. 

Whereas it is not difficult to determine the optimum configuration for each 
enzyme, it is less easy to be certain about the range of specificity. However, it 
seems certain from our results that the C, and C, diamines are poor substrates of 
both enzymes. In fact, in the pig’s kidney there occur two enzymes which will 
oxidize these two compounds. 

We know now that the mammalian organism contains catalysts which enable 
it to dispose of all the diamines examined, up to a chain length of eighteen carbon 
atoms by oxidative deamination. On the other hand, there seems to exist no enzymic 
mechanism able to act on the corresponding bis-quaternary bases. For instance, 
we have not found any oxygen uptake with the synthetic curare substitute deca- 
methonium bisiodide (Barlow and Ing, 1948; Paton and Zaimis, 1949); in agreement 
with this Zaimis observed (1950) that hexamethonium appears unchanged in the 
urine. 

Since the first observation on the enzymic oxidation of diamines by amine 
oxidase other diamines have been reported to be substrates of this enzyme. These 
belong to the series of aromatic alkylene «: $-diamines studied by Lehmann and 
Randall (1948), especially the two compounds Nu 1408 and Nu 1683. It is interesting 
that these two diamines are also pressor amines. MacIntosh and Paton (1949) 
state that the C,, diamine “‘ appears to combine the vasoactive properties of long- 
chain primary monoamines (Barger and Dale, 1910) with those of the shorter 
diamines.””’ Thus, in our series as well as in that examined by Lehmann and 
Randall (1948) there are pressor agents which have an affinity for amine oxidase. 
The parallelism between affinity for amine oxidase and pressor response, however, 
does not appear to be strict: MacIntosh and Paton did not report any pressor 
action for dodecamethylene diamine, which is a good substrate of amine oxidase. 

That the size of the alkyl group is important for the oxidation of aliphatic 
amines by amine oxidase has long been known (Pugh and Quastel, 1937; Blaschko, 
Richter, and Schlossmann,: 1937). Alles and Heegaard (1943) reported that the 
rabbit liver enzyme did not act upon methylamine, ethylamine, and propylamine, 
but that butylamine and the higher homologues were oxidized. Dodecylamine is 
the highest member of this series known to be a substrate (Blaschko and Duthie, 
1945). The introduction of the second basic group, as in diamines like putrescine 
or cadaverine, abolishes substrate specificity. The experiments of this paper show 
that the adverse effect of the second basic group on specificity is progressively 
lessened with increasing length of the polymethylene chain, and that the long-chain 
diamines are able to attach themselves to amine oxidase like the monoamines. 
The decrease of the rate of oxidation with the longest members of our series may 
well be due to their lower solubility, but quantitative data on the solubility of 
long-chain diamines appear not to be available. 

For histaminase (‘‘ diamine oxidase ’’) Zeller (1942) has reported that the maxi- 
mum rate of oxidation occurs with the C, compound, putrescine. He assumes 
that the substrate molecule is anchored to the enzyme with the two basic groups. 
We must therefore conclude that enzyme and substrate form an intermediate ring 
compound and that this ring compound forms less and less readily as the number 
of carbon atoms separating the two basic groups increases beyond four. 
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The relationship between pressor action and affinity for amine oxidase finds 
its parallel in that between the affinity for histaminase and depressor action. Again, 
we note that the parallelism is imperfect. Cadaverine (pentamethylene diamine) 
has a depressor effect (Barger and Dale, 1910; MacIntosh and Paton, 1949), but 
the C, diamine, putrescine, is without this effect although it is an even better sub- 
strate of histaminase. We conclude that in each instance the enzyme protein has 
properties somewhat similar to, but not identical with, the protein of the excitable 
structures in the tissues. 

Another question is raised by the experiments here described: Does the affinity 
of the diamines for histaminase play a part in their action on the blood histaminase 
level described by MacIntosh and Paton (1949) ? This question can at present not 
be answered; it is not known to what extent the blood histaminase level is normally 
determined by the action of histaminase. Some of the substances examined by 
MaclIntosh and Paton have little affinity for histaminase, but others have a strong 
inhibitory action (Blaschko and Duthie, 1944; Blaschko, Fastier, and Wajda). 


SUMMARY 


1. The oxidation of the polymethylene diamines H,N(CH.),.NH., (” from 4 to 15) 
by amine oxidase and histaminase has been studied. 


2. Amine oxidase (an acetone-dried preparation) from rabbit liver does not 
act on the lower members of this series, but the higher homologues were oxidized 
with a maximum rate at nm =13; with longer chains the rate of oxidation decreased. 


3. Amine oxidase from pig kidney had a pattern of substrate specificity similar 
to that of rabbit liver. 


4. Competition experiments are reported which show that the C,, diamine has 
a much higher affinity for amine oxidase than the more slowly oxidized C, diamine. 

5. Histaminase (“diamine oxidase”) from pig kidney oxidized putrescine 
(n = 4) most rapidly; with increasing length of the polymethylene chain the rate 
of oxidation decreased, until for the diamines with 9 or more carbon atoms oxygen 
uptake was practically nil. 
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